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Abstract
Background  To investigate the biological relationship, mechanism between perilipin2 and the occurrence, advancement of 
gastric carcinoma, and explore the mechanism of lipid metabolism disorder leading to gastric neoplasm, and propose that 
perilipin2 is presumably considered as a potential molecular biomarker of gastric carcinoma.
Methods  RNA-seq was applied to analyze perilipin2 and differentially expressed genes modulated by perilipin2 in neoplastic 
tissues of both perilipin2 overexpression and knockdown groups in vivo. The mechanism was discovered and confirmed by 
Rt-qPCR, immunoblotting, immunohistochemistry, staining and microassay, respectively. Cellular function experiments 
were performed by flow cytometry, CCK8, clonogenic assay, etc.
Results  Overexpression and knockdown of perilipin2 augmented the proliferation and apoptosis of gastric carcinoma cell 
lines SGC7901 and MGC803, respectively. The neoplastic cells with perilipin2-overexpression obtained more conspicuously 
rapid growth than knockdown group in vivo, and perilipin2 affected the proliferation and apoptosis of gastric carcinoma cells 
by modulating the related genes:acyl-coa synthetase long-chain family member 3, arachidonate 15-lipoxygenase, microtu-
bule associated protein 1 light chain 3 alpha, pr/set domain 11 and importin 7 that were participated in Ferroptosis pathway. 
Moreover, RNA-seq indicated perilipin2 was an indispensable gene and protein in the suppression of Ferroptosis caused by 
abnormal lipometabolism in gastric carcinoma.
Conclusion  Our study expounded the facilitation of perilipin2 in regulating the proliferation and apoptosis of gastric carci-
noma cells by modification in Ferroptosis pathway, and we interpreted that the mechanism of gastric neoplasm caused by 
obesity, we also discovered that pr/set domain 11 and importin 7 are novel transcription factors relevant to gastric carcinoma. 
Furthermore, perilipin2 probably serves not only as a diagnostic biomarker, but also a new therapeutic target.

Keywords  Perilipin2 · Gastric carcinoma · Overexpression · Knockdown · Ferroptosis pathway · Lipometabolism

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1012​0-019-01004​-z) contains 
supplementary material, which is available to authorized users.

 *	 Xiaoying Sun 
	 sun_xy@jlu.edu.cn

 *	 Chengyan He 
	 cyhe@jlu.edu.cn

1	 Department of Laboratory Medicine, China-Japan Union 
Hospital of Jilin University, Changchun 130033, China

2	 Norman Bethune Health Science Center of Jilin University, 
Changchun 130021, China

3	 Department of Pathology, China-Japan Union Hospital 
of Jilin University, Changchun 130033, China

4	 College of Life Sciences, Northeast Normal University, 
Changchun 130024, China

5	 Institute of Cardiovascular Research, University 
of California, San Francisco, CA 94101, USA

6	 Department of Science Research Center, China-Japan Union 
Hospital of Jilin University, Changchun 130033, China

7	 Department of Tissue Bank, China-Japan Union Hospital 
of Jilin University, Changchun 130033, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10120-019-01004-z&domain=pdf
https://doi.org/10.1007/s10120-019-01004-z


242	 X. Sun et al.

1 3

Introduction

Gastric carcinoma is a foremost cause of mortality due to 
neoplastic disease [1], and the primitively definite diagnosis 
is still inadequate. Therefore, it is imperative to study the 
pathogenesis of gastric neoplasm. The significance of fatty 
acid metabolism in cancer initiation is increasingly accepted 
by the public due to the high prevalence of overweight indi-
viduals [2]. Some studies have exhibited that gastric can-
cer is associated with lipid accumulation [3]. Perilipin2 
(PLIN2) is also known as adipose differentiation-related 
protein (ADRP), which belongs from PLIN, ADRP and the 
tail-interacting protein (PAT) family of cytoplasmic lipid 
droplet binding protein [4]. This protein surrounds the lipid 
droplet along with phospholipids and are involved in assist-
ing the storage of neutral lipids within the lipid droplets [5]. 
Besides, Studies have reported that PLIN2 is significantly 
over-expressed in gastric cancer tissues by immunohisto-
chemistry (IHC), PLIN2 was highly expressed in 79% cat-
egory 3 cases of gastric epithelial neoplasia, and there was a 
stepwise increase in cryptal staining of PLIN2 from category 
3 to category 5 [6]. However, few research has been imple-
mented on specific mechanism that PLIN2 causes the gastric 
tumorigenesis by imbalanced lipid metabolism. Hence, we 
studied the mechanism of PLIN2 related to the emergence of 
gastric cancer including the effects of PLIN2 overexpression 
and knockdown on gastric cancer cell lines SGC7901 and 
MGC803 in vitro and the regulation of the principal genes 
in vivo to demonstrate the primacy of PLIN2 in the initia-
tion of gastric neoplasm as a potential molecular biomarker. 
Additionally, one of the key challenges in cancer research is 
how to effectively kill cancer cells while leaving the healthy 
cells intact. Cancer cells often have defects in cell death exe-
cutioner mechanisms, which is one of the main reasons for 
therapy resistance [7]. Ferroptosis is a recently recognized 
cell death modality that is morphologically, biochemically 
and genetically emerged to play an important role in cancer 
biology [8]. It has been reported that Ferroptosis can inter-
fere with the development of diseases by activating or inhib-
iting iron death, which is related to Parkinson’s syndrome 
[9], pancreatic cancer [10] and other diseases. Actually, we 
firstly presented that the impact of PLIN2 on Ferroptosis 
pathway as an oncogene and explained how the obesity can 
cause gastric cancer in this study.

Methods

Materials

Human gastric cancer cell lines SGC7901 and MGC803 
were obtained as a gift from Bethune Second Clinical 

Medical College of Jilin University. The culture medium 
was RPMI 1640 (Invitrogen, the USA) and 10% FBS (Gibco, 
the USA) All cells were cultured in Incubator at 37 °C with 
5% CO2.

Overexpression and knockdown of PLIN2 
transfection into SGC7901 and MGC803 cell lines

PLIN2 overexpression and knockdown plasmids were con-
structed by Sangong Biotechnology (Shanghai) Co., Ltd., 
the green fluorescent protein (GFP) in the plasmid as the 
indicator. The stable transfected cell lines were screened 
with limited dilution method after transfected by Lipo2000 
(Invitrogen). The three different knockdown sites sense 
sequences of human were: Sh/SiPLIN2.1 GCT​AGA​GCC​
GCA​AAT​TGC​AGT, Sh/SiPLIN2.2 GTG​TAT​AGT​GCC​
AAT​CAG​AAA, Sh/SiPLIN2.3GGA​GCA​TTG​GAT​ATG​
ATG​ATA. Two control groups: OvCtrl and Sh/SiCtrl were 
transfected with empty vector pEGFP-N1 and pSGU6/GFP/
Neo. The non-treatment control cells were classified as NC.

Cell proliferation and clonogenic assay

On day 0, 5000 cells were contained per well with 96-well 
plate for each day and six repeated wells were arranged in 
each group. Photographs were taken under fluorescence 
microscope from day 1 to day 5, respectively. Absorp-
tion values were measured 2 h after adding CCK8 reagent 
(MCE, the USA). The optical density (OD) was measured 
at 450 nm.

The transfected cells were replated on the 6-well plates at 
1000 cells/well, and cultured in complete medium for about 
2 weeks. Cells were then stained with crystal violet and indi-
vidual colonies (> 50 cells) were counted.

Flow cytometry for detection of apoptosis 
in SGC7901 cell line

5 × 106 cells in each group were evenly spread on 10 cm 
dishes with PBS added to induce apoptosis for 48 h, the 
cells were digested and blended with Annexin V-PE (Apop-
tosis Detection Kit, Beyotime, China), the apoptotic rate was 
detected by flow cytometry (Beckman Cytomics FC 500, 
the USA).

Detection of apoptosis in MGC803 cell 
by fluorescence microscopy

2–3 × 106 cells were cultured in 6 cm dishes in each group 
for 48 h of PBS-induced apoptosis, the apoptotic cells was 
counted in counting plate with adding 5 ml Annexin V-PE 
by fluorescence microscope.
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Survival of PLIN2‑overexpression and knockdown 
in SGC7901 and MGC803 cell lines

On day 0.3 × 106 cells were contained in 6 cm dishes in each 
group for each day. After 5 ml PBS was added to each well 
for FBS-free culture, the mortal cells were removed after 
3 times of PBS rinsing for four consecutive days, and the 
survival cells were digested and counted.

Subcutaneous xenografts in vivo

All the animals in the experiment were treated gently and 
conformed to human ethical standards and international 
conventions. SGC7901 cell line transfected with OvP-
LIN2, ShPLIN2 and Control were injected subcutaneously 
into the nude mice (BALB/c nu/nu, female, 5 weeks old, 
Beijing Huafukang Biotechnology Co. Ltd. China) which 
were anaesthetized with 1% Sodium pentobarbital. The 
long diameter a and short diameter b of mouse tumor and 
the weights were measured every 4–5 days, and the relative 
tumor volumes (RTV) were calculated according to formula 
0.5 × a × b × b. Body length of mice were also measured as 
the distance from nasal tip to anus. Mice were euthanized 
when long diameter reached 20 mm corresponding with our 
institutional guidelines for animal Ethics.

RNA‑seq analysis

Xenografts were sent to The Beijing Genomics Institute 
(BGI, China). The purified total RNA was treated by RNA 
enrichment method after it was extracted by Magnetic 
bead method, RNA was subjected to RNA-Seq analysis on 
BGISEQ-500 system after the retranscription and qualifica-
tion. Quantitative analysis of genes, based on gene expres-
sion level and enrichment analysis of GO functional and 
Pathway Significance Enrichment Analysis, Clustering, etc. 
among the selected samples after the comparison to refer-
ence genome.

Reverse transcription and quantitative real‑time 
PCR (RT‑qPCR)

Both total RNA from xenografts and cells were extracted by 
RNA Extraction Kit (Beyotime, China). Reverse transcrip-
tion and qRT-PCR were performed according to Instruction 
of PrimeScript™ RT.

reagent Kit with gDNA Eraser for Perfect Real Time and 
TB Green™ Premix Ex Taq™ II (Takara, China), respec-
tively. Primers for PLIN2: Forward TCA​ACT​CAG​ATT​
GTT​GCC​AATG, Reverse TTT​GGT​GAG​TGC​ATT​TTC​

TACG. Primers for ACSL3: Forward CGT​GTC​TTC​AAA​
ACC​ATC​TACC, Reverse TCT​TGT​CTT​GAC​TCG​GAG​
AAAA. Primers for ALOX15: Forward TCA​CCT​TCC​TGC​
TCG​CCT​AGTG, Reverse GGT​GCT​GCT​GGC​TAC​AGA​
GAATG. Primers for LC3A: Forward CCT​GGA​CAA​GAC​
CAA​GTT​TTTG, Reverse GTA​GAC​CAT​ATA​GAG​GAA​
GCCG. Primers for IPO7: Forward GGC​ACA​TCC​GCA​
CCG​TCT​TC, Reverse CGG​ACC​GCA​TTC​AGA​TCC​TTC. 
Primers for PRDM11: Forward AAG​AAC​AAC​CGC​TAT​
AAG​TCCA, Reverse GAG​AAC​TTG​GGC​TTC​CTC​TTAC. 
The whole process was implemented by Applied Biosystems 
7500 (the USA).

Immunoblotting

Immunoblotting was completed by the equipment (Bio-
Rad, the USA). Cells and tissue were lysed in the intense 
radio-immunoprecipitation assay (RIPA) buffer with 1 mm 
PMSF (Beyotime, China) and 40 ul Protease Inhibitor 
Cocktail(cOmplete, Sigma, Germany) for 1 ml RIPA, quan-
tified by BCA Protein Assay Kit (Signalway, the USA). 
Equivalent proteins were separated by 8%, 10%, 12% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and elec-
tro-transferred to nitrocellulose membranes (Millipore, the 
USA). Membranes were blocked with PBST buffer contain-
ing 5% degreased milk and 0.1%.

Tween overnight at 4 °C and incubated for 2 h at room 
temperature with primary antibodies including PLIN2 
(#ab201721Abcam, the USA), ACSL3 (#ab151959, Abcam, 
the USA), AlOX15 (#ab119774, Abcam, the USA), LC3A 
(#49049, Signalway, the USA), PRDM11 (#OM218595, 
Omni, the USA), IPO7 (#37658, Signalway, the USA), actin 
(#TA811000, ORIGENE, the USA), respectively. Actin was 
utilized as an internal control for loading control. The immu-
noblots were displayed with ECL (Thermo) after incubated 
with corresponding secondary antibodies (#L3012-2, Sig-
nalway, the USA).

The hematoxylin–eosin (HE) staining 
and immunohistochemistry (IHC)

Xenografts were fixed in 4% Paraformaldehyde, embedded 
in paraffin, and then cut into 4 µm thick sections for HE 
staining, the sections from the distilled water were placed 
in an aqueous solution of hematoxylin for several minutes, 
resolved eosin staining for 2–3 min. For IHC staining, slides 
were incubated with PLIN2 antibody (#OM270183, Omni, 
the USA) ACSL3 (#ab151959, Abcam, the USA), AlOX15 
(#ab119774, Abcam, the USA), L C3A (#49049, Signalway, 
the USA), PRDM11 (#OM218595, Omni, the USA), IPO7 
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(#37658, Signalway, the USA) for 24 h at 4 °C after anti-
gen retrieval and blocked with Non-immune goat serum and 
then incubated with secondary antibody at 25 °C for 30 min. 
Statistical analysis and IOD/area (mean density) for scoring 
by software IPP6.0.

Reactive oxygen species (ROS) generation assay

The ROS levels in the cells were determined by the Reac-
tive Oxygen Species Assay Kit (Beyotime, China) according 
to the manufacturer’s instructions. The cells were plated in 
triplicates (2 × 104 cells/well) and stimulated with medium 
containing 10  μM DCFH-DA for 30  min at 37  °C and 
washed by serum-free medium. The fluorescence intensity 
was monitored with excitation wavelength of 488 nm and at 
an emission wavelength of 535 nm by BioTek Instruments 
(the USA).

Nile red and Hoechst33342 fluorescence staining

The cells were plated in triplicates (3 × 104 cells/well) and 
fixed by 4% paraformaldehyde for 20 min. Each well was 
incubated for 10 min with 100 μl/well Nile Red working 
fluid (Abmole, the USA) at 37 °C of light avoidance. Washed 
with PBS for twice, stained with Hoechst33342 (Abmole, 
the USA) 100 μl/well at room temperature for 30 min. The 
fluorescence intensity and absorbance imaging of Nile Red 
and Hoechst33342 was at 552/636 nm and 353/483 nm.

Triglyceride microassay and Lee’s Index evaluation 
of mice

The triglyceride levels of mouse tumor were determined by 
the Triglyceride Microassay Kit (Solarbio, China) according 
to the manufacturer’s instructions. 0.1 g of mouse tumor tis-
sue was added with 1 ml of n-heptane and isopropanol mix-
ture, centrifuged with 8000g at 4 °C after ice bath homogen-
ate. The OD value was measured at 420 nm. The body size 
was evaluated by Lee’s Index = Body weight 1/2 × 103/Body 
length.

Results

The level of PLIN2 is heightened and declined 
after overexpression and knockdown of PLIN2 
in SGC7901 and MGC803 cell lines

After 2–3 months of continuous culture, the stable transfec-
tion of over-expressed PLIN2 (OvPLIN2) and knockdown 
PLIN2 (ShPLIN2) into SGC7901 with 100% transfection 
efficiency. For MGC803, the stable transfection efficiency 
of OvPLIN2 and SiPLIN2 were 100% and over 90%, respec-
tively. The level of over-expressed of PLIN2 in SGC7901, 
MGC803 and knockdown of ShPLIN2.1, 2, 3 in SGC7901, 
SiRNA1, 2, 3 of PLIN2 in MGC803 were confirmed by Rt-
qPCR (Fig. 1a, b) and immunoblotting, respectively (Fig. 1e, 
h). Both Rt-qPCR and immunoblotting results showed that 
OvPLIN2 expressed higher PLIN2 level than OvCtrl in 
SGC7901 (Fig. 1a, c) and MGC803 (Fig. 1b, d). Oppositely, 
ShPLIN2 in SGC7901 and SiRNA of PLIN2 in MGC803 
expressed lower PLIN2 level than the control groups ShCtrl 
(Fig. 1a, f), SiCtrl (Fig. 1b, g).

Cell proliferation is accelerated and attenuated 
with enhancement and suppression of PLIN2

Compared with the OvCtrl, proliferative rate of SGC7901 
cells in OvPLIN2 increased prominently (Fig. 2a, b), while 
it strikingly decreased in ShPLIN2.1, ShPLIN2.2 and ShP-
LIN2.3 after gene PLIN2 was knockdown at three different 
sites, ShPLIN2.1 was the most effective in inhibiting cell 
proliferation (Fig. 2a, c). And SGC7901 cells with over-
expressed PLIN2 gene contained a larger morphology and 
higher GFP brightness from the morphological point of 
view, indicating that the level of the target protein PLIN2 
was elevated, which was confirmed by Rt-qPCR and Immu-
noblotting. Simultaneously, for MGC803, clonogenic assay 
showed that OvPLIN2 group contained more clones than 
Ovctrl, while the clonogenic rates of three SiRNA groups 
were lower than SiCtrl group (Fig. 2d, e). So the results of 
both over-expressed and knockdown groups are notably dif-
ferential from the control group in SGC7901 and MGC803 
cell lines.

Apoptotic capacity is depleted and ameliorated 
in MGC803, SGC7901 cell lines with elevation 
and elimination of PLIN2

The necrotic cells show red fluorescence after stained by 
Annexin V-PE, which can be used to forthrightly detect 
phosphatidylserine valgus as an essential feature of apop-
tosis by Flow Cytometry or fluorescence microscopy. In 
this experiment we discovered that the green MGC803 

Fig. 1   Level of PLIN2 is heightened and declined after overexpres-
sion and knockdown of PLIN2 in SGC7901 and MGC803 cell lines. 
a, b Relative quantity of PLIN2 mRNA level was determined by 
Rt-qPCR in SGC7901 and MGC803 cell lines with overexpression 
and knockdown of PLIN2. c, d Level of PLIN2 protein was signifi-
cantly enhanced after PLIN2 overexpressed transfection. f, g Level 
of PLIN2 protein was obviously decreased after PLIN2 knockdown 
transfection. e, h Immunoblotting for PLIN2 expression, Actin was 
loading control. **P < 0.01; ***P < 0.001; ****P < 0.0001

◂
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Fig. 2   Cell proliferation is 
accelerated and attenuated with 
enhancement and suppression 
of PLIN2. a Cell growth veloc-
ity was monitored among five 
groups by fluorescent micro-
scope from day 1 to day 5, scale 
bar = 50um, the green indicated 
the stable transfected cells. The 
cells with OvPLIN2 were larger, 
higher convergence, more clonal 
colonies and brighter lumi-
nance than the control group. 
On the contrary, the cells with 
ShPLIN2 were smaller, scat-
tered, fewer clones and darker 
luminance. b Higher prolifer-
ated capacity of SGC7901 with 
overexpression of PLIN2. c 
Decreasing proliferated capacity 
of SGC7901 with knockdown 
of ShPLIN2.1, 2,3. d Clono-
genic assay for MGC803 among 
different groups. e OvPLIN2 
group contained more clones 
than Ovctrl, the clonogenic rates 
of three SiRNA groups were 
lower than the SiCtrl group 
****P < 0.0001
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cells were animated cells, and the apoptotic cells were red 
color in the view of fluorescence microscopy (Fig. 3a). 
Only 6.04% apoptotic cells were assayed in OvPLIN2, but 
69.62%, 62.87% and 45.12% apoptotic cells were explicitly 
observed in the three knockdown groups compared with 
SiCtrl (Fig. 3b, c). Annexin V-PE, labeled with red fluores-
cence, does not interfere with the green fluorescence of GFP 
that already expressed in cells. And PE can be stimulated 
by 495,545 or 564 nm excitation light and emit a peak of 
575 nm fluorescence by flow cytometry, which identified 
that the apoptotic rate of OvPLIN2 was significantly lower 
than OvCtrl, and the apoptotic peak of OvCtrl remarkably 
shifted to the right (Fig. 3d). This study indicated the apop-
totic rate in OvCtrl was 22.4%, while the apoptotic rate of 
OvPLIN2 was 8.63% for SGC7901 (Fig. 3e). Besides, the 
apoptotic rate of ShPLIN2.1, ShPLIN2.2 and ShPLIN2.3 
was 81.63%, 74.8% and 48.73%, respectively, which was 
extremely higher than ShCtrl (Fig. 3f). The analogous ten-
dency of the apoptosis between SGC7901 and MGC803 
cells adequately interpreted that PLIN2 gene has an indis-
pensable effect on apoptosis of gastric carcinoma cells, 
which affirmed that PLIN2 resisted cell apoptosis as an 
oncogene of gastric cancer.

Promotion and inhibition of PLIN2 affect survival 
capacity and ROS of gastric carcinoma cells

The survival rate of SGC7901 cells in OvPLIN2 was dis-
tinctively higher than OvCtrl (Fig. 3g), whereas the sur-
vival rates of ShPLIN2.1, ShPLIN2.2 and ShPLIN2.3 were 
exceedingly lower than ShCtrl (Fig. 3h). Meanwhile, the sig-
nificant survival rates were displayed for MGC803 among 
OvPLIN2, OvCtrl, SiPLIN2.1, 2, 3 and SiCtrol groups 
(Fig. 3i, j). The detection of cell survival rate is also direct 
reflection of apoptosis, which is a traditional cell counting 
method to forthrightly observe the cellular survivance by 
microscopy. Therefore, this experiment intuitively mani-
fested that PLIN2 gene prominently oppose the apoptosis 
of SGC7901 and MGC803 cells. Moreover, ROS value was 
less noticeable in the cells with OvPLIN2 than ShPLIN2 
and SiPLIN2, indicating the germination of mitochondrial 
peroxidation stress response related to Ferroptosis (Fig. 3k, 
l). The results of all the above cell function experiments 
determined that PLIN2 play an important role in adjustment 
of biological functions for gastric cancer cells—SGC7901 
and MGC803. When PLIN2 was over-expressed, it not only 
promoted cell proliferation but also decelerated cell apop-
tosis, while when PLIN2 is lower-expressed, it suppressed 
cell proliferation but facilitated cell apoptosis. To identify 
no influence of transfected vectors on all the functional 
experiments, we also inspected the cell structure and func-
tion of NC group, which were not starkly discrepant from 
the two control groups. It is more principal to knock down 

PLIN2 to confirm that it is a typical oncogene of gastric 
cancer, because only knockdown can incarnate the verita-
ble function for studying up-regulating gene and protein. In 
our study, three inferiorly expressed PLIN2 groups reflected 
remarkable elimination effects of PLIN2 on cellular prolif-
eration, apoptosis and survival, respectively.

Tumoricidal reflection of PLIN2 variation in vivo

Tumorigenesis occurred within 1 week after subcutane-
ous injection. The neoplastic growth velocity in the mice 
injected into SGC7901 cells with OvPLIN2 was notably 
faster since the seventh day, which was apparently higher 
than the mice injected into the cells with Control. Mean-
while, the tumor of ShPLIN2 group grew extremely more 
dilatory than Control group since the 12th day (Figs. 4a, b 
and s1). The results were sufficient to corroborate that the 
modulation of PLIN2 on proliferation and apoptosis in vitro 
had been completely confirmed in vivo. Furthermore, the 
mice in OvPLIN2 group displayed the ultimate body weight 
and size, but those in ShPLIN2 group exhibited the minimal 
body weight and size, suggesting that PLIN2 contributed to 
the growth of tumors caused by abnormal lipid metabolism 
(Fig. 4c, e). The expressed differences of PLIN2 level among 
three groups were validated by Rt-qPCR (Fig. 6a), Immu-
noblotting (Fig. 6b, c) and IHC (Fig. 6d), respectively. HE 
staining demonstrated the increasing of necrotic areas due 
to excessive cell proliferation in OvPLIN2 group compared 
to the other two groups (Fig. 4d).

PLIN2 modulates the differentially expressed genes 
among OvPLIN2, Control, ShPLIN2 xenografts

Three groups of mice tumors were analyzed for RNA-seq 
detection. Firstly, according to the gene expression level 
of each sample, 120 up-regulated genes and 1018 down-
regulated genes of total 1138 differentially expressed genes 
(DEGs) were examined between Control and OvPLIN2 
(Fig.  5a). And 282 high-expressed genes and 345 low-
expressed genes of total 627 DEGs were detected between 
Control and ShPLIN2 (Fig. 5b). Moreover, the expression 
of 1184 genes were raised and 332 genes were descended 
in total 1516 DEGs between ShPLIN2 and OvPLIN2 
(Fig. 5c). The screening conditions were log2-fold change 
(log2FC) ≥ 2 and P ≤ 0.001. Then we applied Venn diagram 
to display the situation of genes in distinct comparative 
groups for DEG data in multiple comparative groups, con-
taining 86 common DGEs in Control VS OvPLIN2, Control 
VS ShPLIN2 and ShPLIN2 VS OvPLIN2 (log2FC ≥ 2 and 
P ≤ 0.001) (Fig. 5d). In addition, we continued to establish 
cluster analysis with screening condition of level FPKM ≥ 10 
(Fragments Per Kilobase of transcript per Million frag-
ments mapped), and the difference-multiple log2FC ≥ 2 
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Fig. 3   Apoptotic capacity is depleted and ameliorated in MGC803, 
SGC7901 cell lines with elevation and elimination of PLIN2, Promo-
tion and inhibition of PLIN2 affect survival capacity and ROS of gas-
tric carcinoma cells. a Detection of apoptotic MGC803 cells without 
FBS for 48 h by fluorescent microscope, the red and the green repre-
sented apoptotic and viable cells, respectively, scale bar 100 μm. b, c 
For MGC803 cells, the apoptotic rate of over-expressed PLIN2 group 
was lower than OvCtrl, while that of low-expressed PLIN2 groups 
SiPLIN2.1, SiPLIN2.2 and SiPLIN2.3 were significantly higher than 
SiCtrl. d Flowcyto assay showed apoptotic peaks on the right side 
by Annexin V-PE staining. e, f For SGC7901, the apoptotic percent-
age was, respectively, reduced and elevated with up and downregu-
lated PLIN2. g, h Survival rate of SGC7901 among different groups. 
i, j Survival rate of MGC803 among different groups. k ROS values 
among all groups for SGC7901. l ROS values among all groups for 
MGC803. **P < 0.01; ***P < 0.001; ****P < 0.0001

and P ≤ 0.001 (Fig. 5e). And Cluster thermogram palpably 
described the difference of gene expression with PLIN2 vari-
ation in three groups. The various color blocks were selected 
for cluster analysis. The red represented an obviously high-
expressed genes and the blue represented apparently low-
expressed genes. The purpose of combining above two 
methods was to reduce the scope of screening differentially 
expressed genes. Furthermore, GO Functional Enrichment 
Analysis presented that the enriched genes that affected by 
PLIN2 mainly participated in the Lipid-metabolic process 
(Fig. 5f). And KEGG pathway analysis described that Fer-
roptosis pathway was cardinal one of the twenty pathways 
involved in differentially expressed genes among the selected 
groups (Fig. 5g).

PLIN2 regulates the mechanism of Ferroptosis 
pathway included the genes and proteins ACSL3, 
ALOX15, LC3A, PRDM11, IPO7

The Ferroptosis pathway contained genes ACSL3, ALOX15, 
LC3A, PRDM11, IPO7 which were markedly differentially 
expressed among the three groups. This affirmed that these 
genes are potentially modified by PLIN2: when PLIN2 
was overexpressing, the expression of ACSL3, ALOX15, 
LC3A, PRDM11 decreased in Ferroptosis pathway, while 
the expression of IPO7 increased. When PLIN2 was knocked 
down, the expression of ACSL3, ALOX15, LC3A, PRDM11 
improved and the expression of IPO7 descended. The results 
had been verified by Rt-qPCR (Fig. 6a) Immunoblotting 
(Fig. 6b, c) and IHC (Fig. 6d, e), respectively. In Rt-qPCR 
verification, the hybrid DNA in the extracted total RNA had 
been removed before reverse transcription, to avert the inter-
ference and ensure the accuracy of the PCR results. Immu-
nohistochemical results revealed that the expression of target 
protein PLIN2 in OvPLIN2 was intensely positive, while 
that was undoubtedly attenuated in ShPLIN2. Above all pro-
teins that expressed discrepantly in tissues by the modulation 
of PLIN2, which was consistent with the results of Rt-qPCR, 
Immunoblotting and IHC. Besides, we also depicted pro-
tein–protein interaction (PPI) to make predictive analysis to 
definitely visualized the interaction between PLIN2 and the 
proteins ACSL3, ALOX15, LC3A, PRDM11, IPO7 included 
in the Ferroptosis pathway. The red was the up-regulated 
protein modified by PLIN2, and the blue was the downregu-
lated protein dominated by PLIN2 (Fig. 6f).

PLIN2 modifies lipid metabolism of gastric cancer

The size and number of intracellular lipid droplets of each 
group were observed by Nile Red Fluorescence staining 
(Fig. 7a, c). The fluorescence intensity showed that lipid 
droplets in cells with over-expressing PLIN2 were larger 
and more, while those in cells with low-expressing PLIN2 

◂

were smaller and fewer (Fig. 7b, d). Additionally, micro-
assay was performed on mice tumor tissues to verify the 
higher fat mass in OvPLIN2 than in ShPLIN2 according 
to the content of triglycerides (Fig. 7e). And the body size 
of mice was measured and evaluated by Lee’s Index. The 
results showed that there was no significant difference in the 
length of mice among the groups, indicating that the varia-
tion of body weight was affected by PLIN2 level (Fig. 7f).

Discussion

An increasing number of tumors are associated with abnor-
mal lipometabolism, such as gastric cancer, intestinal cancer, 
renal cancer, esophageal cancer, pancreatic cancer, and so 
on, but the specific mechanism is still uncertain. PLIN2, a 
protein encoded by PLIN2 gene, which promotes cell adi-
pose differentiation and provides energy for cell growth [11]. 
PLIN2 is unexpectedly expressed in some neoplastic tissues 
and cells, such as renal clear-cell carcinoma [12], but few 
research focus on stomach neoplasm, and the mechanism of 
PLIN2 gene involved in the occurrence and development of 
gastric cancer is indistinct. In our study, PLIN2 provided 
energy for the proliferation of gastric carcinoma cells and 
retardation of the apoptosis. We discovered that the cell 
morphology transformed conspicuously and the cellular 
shape became larger during the process of cell culture after 
PLIN2 gene was successfully and stably transfected into 
SGC7901 cell line, which were conductive to raise the con-
tiguous area and confluent capacity among the cells. So the 
cells proliferated faster, and steadily overexpressing PLIN2 
transfection-period was 2 months, while ShRNA transfec-
tion into SGC7901 cells consumed 3 months due to the tardy 
growth of cells after PLIN2 gene was knockdown without 
lucid variation in cell morphology compared with NC. 
The instantaneous transfection of SiRNA was performed 
into MGC803 cell line to knockdown PLIN2 owing to the 
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larger cell morphology, more vulnerable transfection and the 
higher transfected efficiency. Meanwhile, the survival rate 
of PLIN2 over-expressed cells was strikingly superior but 
was inferior in ShPLIN2 groups. Furthermore, the prolifera-
tion and viability of PLIN2 over-expressed cells or ShPLIN2 
downexpressed cells elevated or reduced remarkably. Con-
sequently, it was manifested that PLIN2 obtains a prominent 
effect on promoting the proliferation and suppressing the 
apoptosis of gastric cancer cells.

The principal point in vivo is that PLIN2 was involved in 
the gene regulation of Ferroptosis pathway and lipid metabo-
lism. Ferroptosis is a novel type of programmed cell death 
that was found recently with few studies on stomach neo-
plasm at present. Ferroptosis conduces to cell death depend-
ent on iron and characterized by the accumulation of lipid 
peroxides [13]. In our study, overexpression and knockdown 
of PLIN2 can decrease and increase the intracellular ROS 
content. Our explanation is that the occurrence of oxidative 
stress requires more oxygen, but the high lipid content, that 
is, overexpressed PLIN2, can lead to relative hypoxia in 
cells, thus inhibiting Ferroptosis and promoting neoplastic 
formation. It has been reported that PLIN2 is overexpressed 
in ccRCC and positively correlated with hypoxia inducible 
factor—HIF2alpha activation [12], which is consistent with 
our explanation. Besides, Flow Cytometry and fluorescent 
microscopy were, respectively, applied to corroborate that 
the apoptotic tendency of SGC7901 and MGC803 was unan-
imous when PLIN2 was knocked down by different transfec-
tion methods. Regardless of SGC7901 and MGC803, the 
morphological variation of Ferroptosis such as cell shrink-
age and apoptotic bodies could be observed within 48 h after 
induction of apoptosis, while the morphological transforma-
tions of PLIN2 over-expressed cells were trivial, but the 
apoptotic property of ShPLIN2 or SiRNA cells were more 
evident than the control. Ferroptosis is initiated by the fail-
ure of the  glutathione-dependent antioxidant defenses, 
resulting in unchecked lipid peroxidation and eventual cell 
death [14]. Lipophilic antioxidants, and iron chelators can 
prevent ferroptotic cell death [15]. In our study, OvPLIN2 
and ShPLIN2 were displayed predominant differences with 
expression of genes involved in ferroptotic process by RNA-
seq. The negatively regulatory genes involved ACSL3, 
ALOX15, LC3A, PRDM11, and the positively regulatory 
gene was IPO7. The protein encoded by ACSL3 gene 
belongs to an isozyme of the long-chain fatty-acid-coenzyme 
A ligase family. Studies have reported that ACSL4 is one of 
the essential components of iron death by participating in 
the synthesis of these oxidizable membrane phospholipids, 
and it can be used as an indicator of whether cells can initi-
ate iron death [16]. As an isoenzyme of ACSL4, so far the 
diverse standpoints on the expression of ACSL3 in tumors 
still exist, such as the higher expression of ACSL3 in pros-
tate cancer cells [17]. Whereas, other researchers declared 

that among the five family isoforms, ACSL1 and ACSL4 are 
able to promote ungoverned cell growth, facilitate tumor 
invasion and evade programmed cell death, while ACSL3 
may have relatively complex functions in various types of 
cancer [2]. In our study, ACSL3 hastened the apoptosis of 
gastric cancer cells by blocking the expression of PLIN2, 
thus restraining the proliferation of cancer cells. So the 
expression of ACSL3 decreased when PLIN2 gene was over-
expressing. Hence, it was a restrainer in gastric cancer tis-
sues confirmed by Rt-qPCR, Immunoblotting and IHC. 
What’s more, our RNA-seq analysis indicated that the ACSL 
family also participate in essential lipid metabolism path-
ways, such as Peroxisome Adipocytokine signaling pathway, 
Fatty acid metabolism including biosynthesis and 

Fig. 4   Tumoricidal reflection of PLIN2 variation in  vivo. a Tumor 
growth curve of subcutaneous OvPLIN2, control, ShPLIN2 xeno-
grafts in nude mice within 30 days, the relative tumor volume (RTV) 
was calculated and compared every 4  days. b Weight of OvPLIN2, 
Control, ShPLIN2 tumors as indicated, Mean tumor weight ± SEM 
are shown in 5 mice per group. c Weight of OvPLIN2, Control, ShP-
LIN2 mice as indicated. d HE staining showed the distinctive pro-
liferation and necrosis among tissues of three groups, 4 × 10 fold. 
*P < 0.05; **P < 0.01; ***P < 0.001
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degradation PPAR signaling pathway, which revealed that 
ACSL family is a vital determinant of lipid metabolism. 
Moreover, ALOX15, like other  lipoxygenases, a semi-
nal  enzyme in the metabolism of polyunsaturated fatty 
acids to a wide range of physiologically and pathologically 
central products. Kalamkari and Badr announced that the 
ALOX15 gene product is implicated in antiinflammation, 
membrane remodeling, and cancer development and metas-
tasis [18]. Numerous researches have alleged that ALOX15 
expression is downregulated in colorectal cancer as an anti-
oncogene [19]. It might be a trigger  that a declined 
15-LOX-1 expression in the endometrial tumorigenesis pro-
cess, can induce starting from normal endometrium to 
hyperplasia and endometrial cancer [20]. Likewise, our 
study illustrated that the ascent of PLIN2 expression con-
tribute to a descending ALOX15 expression, arrest the 
occurrence of Ferroptosis and prevent cells from apoptosis. 
Conversely, knockdown of PLIN2 facilitated ALOX15 
higher expression and acceleration of Ferroptosis. Thus, it 
was concluded that ALOX15 is governed by PLIN2 as a 
gastric cancer retardant. In this study, we also explored that 
ALOX15 not only participated in the Ferroptosis pathway, 
but also in Necroptosis, Arachidonic acid metabolism and 
Linoleic acid metabolism, which demonstrates that ALOX15 
was involved in the regulation of cell lipid metabolism and 
apoptotic necrosis by the modification of PLIN2. And IHC 
also explicated that gastric neoplastic cells are accompanied 
by diverse degrees of inflammation, neoplastic cells coex-
isted with inflammatory cells. Besides, ALOX15 was 
intensely expressed in inflammatory cells with anti-inflam-
matory capacity, but weakly expressed in neoplastic cells. 
As consequence, anti-inflammatory reaction may accelerate 
apoptosis of neoplastic cells. Because PLIN2 knockdown 
tissues comprised majority of inflammatory cells and few 
tumor cells, the intense expression of ALOX15 could initiate 
the regression of inflammation and repress the growth of 
tumor cells. Thus, we authenticated ALOX15 played a puis-
sant role in the balance between inflammation and cancer. 
In addition, LC3A is an indispensible gene involved in 
autophagy, which is the natural, regulated mechanism of the 
cell that disassembles unnecessary or dysfunctional compo-
nents. It allows the orderly degradation and recycling of cel-
lular components [21]. Studies have proved that LC3A is 
essential for autophagy and impairment of autophagy induces 
DNA damage leading to genetic instability and carcinogen-
esis [22]. Likewise, our study detected that PLIN2 nega-
tively adjust LC3A, because the expression of LC3A ele-
vated with PLIN2 decreasing, which concurrently 
accelerated the occurrence of autophagy, apoptosis and 
necrosis of gastric cancer cells. And we also demonstrated 
the contrary outcome if PLIN2 expression heightened. Fur-
thermore, PRDM11 gene is composed of one PRDF1-RIZ 
(PR) homology domain as the only member of PRDM 

family without zinc-finger structure, its potential methyl-
transferase activity is followed by a variable number of zinc-
finger motifs, which likely mediate protein–protein, pro-
tein–RNA, or protein–DNA interactions, PRDM family 
plays a decisive role in cell differentiation, proliferation and 
disease regulation with affecting epigenetics [23]. The PR-
domain (PRDM) family of genes encodes transcriptional 
regulators, several of which are deregulated in cancer, over-
expression of PRDM11 inhibits proliferation and induces 
apoptosis [24]. However, PRDM11 has not been studied in 
gastric cancer at present, in our study, PRDM11 was nega-
tively regulated by PLIN2 protein and became a retardant of 
gastric cancer with obstruction in the proliferation of gastric 
cancer cells and benefiting cell apoptosis. Accordingly, 
PRDM11 was probably a novel gastric cancer restrainer as 
transcription factor. So to explore its molecular mechanism 
contributes to study the epigenetic regulation of cell prolif-
eration and differentiation in gastric cancer. Additionally, 
Importin 7 (IPO7) was the only gene positively altered by 
PLIN2 in Ferroptosis pathway in our study. It is a relatively 
conserved class of proteins widely distributed in eukaryotes 
that transport transcription factors, splicing factors and other 
proteins in the cytoplasm to the nucleus through nuclear 
pore complexes. At present, no studies on IPO7 in gastric 
cancer have been found. As another novel gene, IPO7 is 
considered a non-redundant component of an intrinsic path-
way in mammalian cells for efficient accumulation of exog-
enous and endogenous DNA in the nucleus, which presum-
ably be critical for the exchange of genetic information 
between mitochondria and nuclear genomes [25]. And one 

Fig. 5   PLIN2 modulates the differentially expressed genes among 
OvPLIN2, Control, ShPLIN2 xenografts. a–c DEGs among three 
comparative groups were displayed by volcanic maps. The X-axis 
represents the difference multiples after log2 conversion, and the 
Y-axis represents the significant value after log10 conversion. The red 
one represents up-regulated DEGs, The blue one represents down-
regulated DEGs, and the gray one represents non-DEG. log2FC ≥ 2 
and P < 0.001. d Venn diagram described DGEs in control VS OvP-
LIN2, control VS ShPLIN2 and ShPLIN2 VS OvPLIN2. log2FC ≥ 2 
and P ≤ 0.001. e Cluster analysis was conducted on the FPKM value 
of each comparative group.17 genes were related to PLIN2. Thermo-
gram illustrated that log2 (FPKM + 1) of the sample was represented 
by the horizontal axis and the gene was represented by the vertical 
axis. Under default color matching, the redder the color of the block, 
the higher the expression level, the bluer the color, the lower the 
expression level. f, g Bubble diagram showed GO functional enrich-
ment and KEGG pathway enrichment analysis. X-axis is enrichment 
ratio [the ratio of the number of genes annotated to an item in a 
selected gene concentration to the total number of genes annotated to 
that item in the species, the formula is Rich Ratio = Term Candidate 
Gene Num/Term Gene Num], Y-axis is GO Term or KEGG Pathway, 
the size of bubbles represents the number of genes annotated to a GO 
Term or KEGG Pathway, the color represents enrichment Q value, 
and the darker the color represents Q value, the smaller the value. Q 
value is the calibration value of P value

◂
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researcher discussed activation of the innate immune 
response made IPO7 level elevated in Aspc-1 and Hs700T 
pancreatic cancer cells [26]. Similarly, our study suggested 
that PLIN2 expression increasing cause IPO7 enhancement 
with the amelioration of cell proliferation as a new transcrip-
tion factor for gastric cancer cells.

In conclusion, the occurrence and development of any 
cancer are related to proliferation and apoptosis. Only 
inhibiting the proliferation and promoting the apoptosis of 
cancer cells may facilitate the neoplastic treatment. In this 
study, we discovered that PLIN2 modulated Ferroptosis 

pathway through regulating transcription factors-PRDM11 
and IPO7:ACSL3 was a critical gene involved in abnormal 
lipid metabolism, ALOX15 facilitated apoptosis and necro-
sis. LC3A promoted autophagy and PRDM11 suppressed 
gastric cancer. Above all genes can be downregulated by 
PLIN2 during Ferroptosis process; IPO7 level was elevated 
after the stimulation of PLIN2, and it provided energy 
for cell proliferation and resisted Ferroptosis as gastric 
oncogene and cell-importing protein. Ferroptosis is impli-
cated in complex biochemical reactions, gene expression 
and signal transduction, and has become prevalent in the 

Fig. 5   (continued)
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Fig. 6   PLIN2 regulates the 
mechanism of Ferroptosis 
pathway and lipid metabo-
lism included the genes and 
proteins ACSL3, ALOX15, 
LC3A, PRDM11, IPO7. a 
Level of tumor mRNA for 
PLIN2, ACSL3, ALOX15, 
LC3A, PRDM11, IPO7 among 
OvPLIN2, Control, ShPLIN2 
groups. b Expression of tumor 
proteins PLIN2, ACSL3, 
ALOX15, LC3A, PRDM11, 
IPO7 in OvPLIN2, Control, 
ShPLIN2 tumors. c Immuno-
blotting for the expression of 
specific proteins regulated by 
PLIN2, Actin was loading con-
trol. d, e IHC showed six differ-
ently expressed proteins among 
mice tumors of three groups, 
NC was staining control. f 
For PPI, the red represented 
up-modulated IPO7 by PLIN2, 
the blue represented downregu-
lated ACSL3, ALOX15, LC3A, 
PRDM11 by PLIN2. *P < 0.05; 
**P < 0.01; ***P < 0.001; 
****P < 0.0001
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international research recently. Our study stated that PLIN2 
inhibited Ferroptosis and facilitated the advancement of 
gastric carcinoma, which sufficiently expounded the impor-
tance of PLIN2 gene and protein in the occurrence and the 
mechanism of obesity leading to the formation of gastric 
neoplasm. Simultaneously, two novel genes PRDM11 and 
IPO7 were explored in the Ferroptosis pathway, which per-
haps be involved in the transcriptional regulation of genes 

related to gastric carcinoma. Nevertheless, it is still inde-
terminate whether PLIN2 is involved in other pathways or 
transcription factors related to the metabolism of gastric 
carcinoma, so further investigations are required. There-
fore, PLIN2 probably be applied as a potential biomarker 
for gastric neoplastic diagnosis and therapeutic target, 
especially for the prediction of tumors from obese patients 
in the future.

Fig. 7   High or low level of 
PLIN2 induces excessive or 
minor lipid content of gastric 
cancer in vitro and vivo. a Nile 
Red Fluorescence staining 
showed the intracellular lipid 
droplets in SGC7901, the red is 
Nile Red, the blue is Hoechst 
Fluorescence for cell nucleus 
staining, scale bar  50 μm. b 
OD value of lipid droplets were 
detected at 552/636 nm for 
SGC7901. c Nile Red Fluo-
rescence staining showed the 
intracellular lipid droplets in 
MGC803, the red is Nile Red, 
the blue is Hoechst Fluores-
cence, for cell nucleus staining, 
scale bar = 50 μm d OD value 
of lipid droplets were detected 
at 552/636 nm for MGC803. 
e OD value of triglyceride in 
mouse tumors were evaluated 
by microassay at 420 nm. f 
Lee’s index for evaluation of 
mouse body size. *P < 0.05; 
****P < 0.0001
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Statistical analysis

T test or one-way ANOVA with Bonferroni post-test was 
properly applied to calculate and analyze statistical signifi-
cance with GraphPad Prism 8.0 software. A P value less 
than 0.05 was considered statistically significant.
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