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Introduction

Although in recent years its global incidence 
has largely declined, gastric cancer is still one 
of the main reasons for tumor-related death, due 
to its poor prognosis1. Recent epidemiological 
data2,3 have shown that obesity was significantly 
correlative with the risk of malignant tumors in 
the population. Clinical evidence-based medical 
research4-6 found that excessive body mass index 
(BMI) or excessive waist circumference was one 
of the important risks of gastric or esophageal tu-
mors. Although histological staining showed the 
fat infiltration in gastric cancer tissues5,7,8, the sta-
tus of fatty acid metabolism in gastric cancer and 
its molecular mechanism is still confusing, and 
there is no study to explore the role of lipid me-
tabolism - on clinical prognosis in gastric cancer.

In mammalian cells, lipid metabolism is 
strongly associated with fatty acid binding pro-
teins (FABPs), belonging to the intracellular lip-
id-binding proteins (iLBPs) family and regulating 
fatty acid uptake, transport, and metabolism9-11. 
Studies10-12 have shown that FABP5 was a major 
member of the long-chain fatty acid binding pro-
teins in cells and involved in the activation of the 
non-classical retinol nuclear receptor PPARβ/δ. 
Although the mechanism was still unclear, ab-
normal expression of FABP5 resulted in diseases 
such as atherosclerosis of the carotid artery and 
coronary arteries, reflecting its important role in 
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was to determine the underlying effect of STA-
T5A-mediated fatty acid metabolism on the tum-
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MATERIALS AND METHODS: The expression 
patterns of STAT5A and FASN in gastric cancer 
were investigated based on the Cancer Genome 
Atlas (TCGA) database and compared between 
40 pairs of cancer samples and adjacent tissues. 
The pathological significance of STAT5A in gas-
tric cancer was explored by GESA assay, and 
the molecular mechanism of STAT5A-mediated 
FASN expression was investigated by Lucifer-
ase assay and ChIP-qPCR. Fatty acid metabolic 
change was explored by detecting the content of 
neutral lipid, triglycerides, and phospholipids in 
STAT5A silenced MKN28 and AGS cells. Further-
more, Cell Counting Kit-8 (CCK-8) assay, colo-
ny formation, and Mouse xenograft were used to 
detect the function of STAT5A-mediated fatty ac-
id metabolism on tumorigenic ability of gastric 
cancer cells.

RESULTS: Upregulated STAT5A in gastric can-
cer was found to be not only an unconventional 
risk for over survival of gastric cancer patients, 
but also associated with fatty acid metabolism 
signaling. Furthermore, STAT5A can regulate 
the expression of the fatty acid binding protein 5 
(FABP5) by binding to the promoter of FABP5 in 
MKN28 and AGS cells. Functional studies have 
shown that STAT5A-dependent FABP5 expres-
sion promoted the proliferation and tumorigene-
sis of gastric cancer cells by reprogramming in-
tracellular fatty acid metabolism.

CONCLUSIONS: Our results indicate that STA-
T5A-dependent FABP5 expression plays a car-
cinogenic role in the tumorigenesis of gastric 
cancer cells via reprogramming intracellular fat-
ty acid metabolism, which establishes a new 
mechanism for the tumorigenesis of gastric can-
cer cells.
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the cellular fatty acids metabolism13,14. Interest-
ingly, FABP5 has been indicated as an oncogene 
in mammals and was highly expressed in many 
human cancers15. In the MMTV-neu mouse model 
of breast cancer, tumorigenesis was often accom-
panied with up-regulation of FABP516. However, 
the development of tumors can be significantly 
inhibited by down-regulating FABP5 in these 
mice17. However, the molecular mechanism of 
FABP5 in tumorigenesis and pathological pro-
cesses in gastric cancer remains unclear.

Signal transduction and transcriptional acti-
vator 5A (known as STAT5A) acts as a nuclear 
transcription factor that can be activated by in-
flammatory cytokines or growth factor receptors, 
not only functioning in many cellular physio-
logical processes, such as immune response and 
inflammation, but also playing a key role in hu-
man cancers18,19. Excessive activation of STAT5A 
caused by self-mutation or hyper-phosphorylation 
is a key mechanism for malignant proliferation of 
tumor cells in breast cancer or cervical cancer20. 
Studies21 have shown that STAT5A was involved 
in tumor progression by intermediating epitheli-
al-mesenchymal transition. Also, other research-
es22 have found that high STAT5A expression was 
usually associated with poor prognosis in ovarian 
cancer. Although those results reveal the signifi-
cance of STAT5A in the pathology of tumors, the 
role of STAT5A in gastric cancer has not been 
studied.

The aim of our study was to investigate the 
expression pattern of STAT5A and its potential 
functions in gastric cancer. We found that STA-
T5A can participate in the cellular lipid metab-
olism process by affecting the expression of 
FABP5, which further affects the tumorigene-
sis of gastric cancer cells. These findings define 
the new physiological functions of STAT5A and 
provide a theoretical basis for understanding 
the relationship between tumorigenesis of gas-
tric cancer and cellular fatty acid metabolism. 

Materials and Methods

Cell Lines, Reagents, and Antibodies
The human gastric cancer cell lines used in this 

study (MKN28, MKN45, KATOIII, and AGS) 
and a normal human gastric mucosal epithelial 
cell line (GSE1) were purchased from American 
Type Culture Collection (ATCC, Manassas, VA, 
USA) and cultured in Roswell Park Memorial In-
stitute-1640 (RPMI-1640) medium supplemented 

with 10% fetal bovine serum (FBS; Gibco, Grand 
Island, NY, USA), and 1% penicillin-streptomy-
cin (Gibco, Grand Island, NY, USA). All cells 
were negative for mycoplasma tested with the 
MycoProbe Detection Kit (R&D Systems, Min-
neapolis, MN, USA), and all experiments were 
repeated at least 3 times with two cell lines.

The plasmids were transfected with liposomal 
Neofect (Neofect Biotech, Beijing, China) accord-
ing to the supplier’s instructions. A specific pri-
mary antibody recognizing FABP5 (ab84028; Ab-
cam, Cambridge, MA, USA), STAT5A (ab32043; 
Abcam, Cambridge, MA, USA), and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH; 
ab181602; Abcam, Cambridge, MA, USA) was 
purchased from Abcam (Cambridge, MA, USA).

Clinical Specimens
After obtaining the informed consent from 40 

randomly selected gastric cancer patients who did 
not receive chemotherapy or radiotherapy, their 
gastric cancer tissues and para-cancer tissues 
were collected by surgery. This investigation was 
approved by the Research Ethics Committee of 
Taizhou People’s Hospital (Jiangsu, China).

Immunohistochemical Staining
The human gastric cancer tissue fixed in for-

malin was made into - section (3-5 μm) in a par-
affin-embedded state. Then, the deparaffinized 
and rehydrated sections were boiled in 10 mM 
citrate buffer (pH 6.0) for 5 min for antigen re-
trieval. 3% hydrogen peroxide in methanol was 
used to inactivate endogenous peroxidase for 10 
min at room temperature, followed by blocking 
with 5% bovine serum albumin (BSA). After in-
cubation with primary antibody for 1 h at 37°C, 
protein expression in tissues was detected using 
diaminobenzidine (DAB) labeled secondary anti-
bodies according to the manufacturer’s protocol. 
The staining results were imaged using a Leica 
microscope and the expression levels of STAT5A 
in 40 gastric cancer tissues were scored.

Virus Packaging and Infection
The packaging plasmid pMDLg/pRRE, pC-

MV-VSVG, and the pRSV-REV plasmid contain-
ing specific shRNA targeting STAT5A or FABP5 
were co-transfected into 293T cells. The super-
natant of the 293T cells containing the virus was 
collected and centrifuged at 32000 g to prepare 
a concentrated virus suspension. Once infected 
with indicated virus for 24 h, MKN28 and AGS 
cells were screened with G418 (Geneticin, 800 ng/
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mL) for 1 week to obtain a cell line stably knock-
ing down the targeted gene.

Dual-Luciferase Reporter Gene Assay
Plasmids carrying firefly Luciferase and dif-

ferent-fragments of the FABP5 promoter or pGL3 
vectors were co-transfected into MNK28 and 
AGS cells with plasmid expressing STAT5A and 
the plasmid pRL-TK carrying Renilla Luciferase. 
After 48 h of transfection, Luciferase activity was 
detected using a Dual-Luciferase reporter assay 
kit (Promega, Madison, WI, USA) according to 
the manufacturer’s instructions. All experiments 
were performed in triplicate and the data are ex-
pressed as mean ± SD (Standard Deviation).

Quantitative Real-Time PCR Analysis
Total RNA in the tissues freeze in liquid 

nitrogen or indicated cells was extracted with 
TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s protocol. 
After detecting the quality and concentration of 
the extracted RNA by Nano-Drop 2000 system, 
2 μg total RNA was reverse-transcribed into 
cDNA with a reverse transcriptase kit (TOYO-
BO, Osaka, Japan). The mRNA levels of the 
targeted genes were detected with the SYBR 
(Synergy Brands) green method (TOYOBO, 
Osaka, Japan). The data represents two inde-
pendent experiments with three technical repli-
cates for each set of experiments. The GAPDH 
gene mRNA transcription level was used as an 
internal reference for each sample. The primers 
used in this study were shown in Table I.

Quantification of Neutral Lipid
To detect neutral lipids in gastric cancer cells, 

the neutral lipid content in MKN28 and AGS cells 
was measured with the lipophilic fluorescent dye 
BODIPY 493/503 (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions.

Quantification of Triglycerides 
and Phospholipids 

According to the manufacturer’s instructions, 
cellular phospholipid assay kit (Invitrogen, Carls-
bad, CA, USA) and triglyceride assay kit (Invit-
rogen, Carlsbad, CA, USA) were used to quanti-
fy the content of triglyceride or phospholipid in 
MKN28 and AGS cells. All experiments were 
performed in triplicate and the data are expressed 
as mean ± SD.

Clonal Formation
Cells (1000 cells/well) were seeded in 6-well 

plates. After the clones were enough to be visible, 
the medium was discarded and the clones were 
fixed with 4% formaldehyde solution for 10 min, 
following staining with 0.2% crystal violet for 15 
min. Three replicate wells were set for each ex-
perimental group.

Cell Viability Assay
Cell viability of different cell lines was de-

termined by cell counting kit-8 (CCK-8) kit 
(Biotool, Kirchberg, Switzerland). Equal num-
bers of different genotype cells were incubated 
in 96-well plates for 24 h. The medium was then 
replaced with medium containing 10% CCK-8 
and incubation continued for 1 h. OD450 was 
measured using a microplate reader [Multiskan 
FC, Thermo Fisher Scientific (Waltham, MA, 
USA)]. The measurement was continued for 3 
days, and each set of experiments was repeated 
3 times.

Mouse Xenograft
5.0×106 stable FABP5-KD or FABP5-KD/

STAT5A-OE cell lines and control cells were re-
suspended in phosphate-buffered saline (PBS), 
and Matrigel (BD Biosciences, San Jose, CA, 
USA) was mixed in samples in a 1:1 ratio (v/v). 
The indicated cells were injected subcutaneously 

Table I. Primers used for qPCR.

Gene	 Primers (5’ to 3’, forward/reverse)

STAT5A mRNA	 GCAGAGTCCGTGACAGAGG/CCACAGGTAGGGACAGAGTCT
FABP5 mRNA	 TGAAGGAGCTAGGAGTGGGAA/TGCACCATCTGTAAAGTTGCAG
FASN mRNA	 AAGGACCTGTCTAGGTTTGATGC/TGGCTTCATAGGTGACTTCCA
ACC1 mRNA	 GCTCCTTGTCACCTGCTTCT/CAAGGCCAAGCCATCCTGTA
ACOX1 mRNA	 GGCGCATACATGAAGGAGACCT/AGGTGAAAGCCTTCAGTCCAGC
CPT1A mRNA	 CTGGACAATACCTCGGAGCC/AACGTCACAAAGAACGCTGC
GAPDH mRNA	 GGAGCGAGATCCCTCCAAAAT/GGCTGTTGTCATACTTCTCATGG
FABP5 promoter	 GAGGAGCAGAAGGTCAGGGAG/CGGGCGAGTCCCTGCTTGCAG
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into the back of 5 weeks old male BALB/C nude 
mice. Tumor growth size was measured every 
3 days when palpable tumor-like products were 
produced (about 4 mm in diameter) and tumor 
growth curves were plotted. Four weeks later, the 
mice were sacrificed and tumors were harvested 
for further analysis. All protocols were approved 
by the Institutional Animal Ethics Committee.

Statistical Analysis
Statistical analysis of the data in this study was 

performed using SPSS 21.0 software (Version X; 
IBM, Armonk, NY, USA), and plots were drawn 
with GraphPad prism 7.0 (Version X; San Diego, 
CA, USA). The distribution differences of quanti-
tative data were analyzed with one-way ANOVA 
or two-sided t-test, and Bonferroni test was used 

Figure 1. Expression pattern of STAT5A in gastric cancer. A, Expression lever of STAT5A in primary gastric cancer (Can-
cer) compared to normal tissue (Normal) in TCGA dataset. B, STAT5A mRNA expression levers in four different stages of 
gastric cancer based on TCGA dataset. C, Overall survival of patients with gastric cancer was calculated using Kaplan-Meier 
analysis according to the STAT5A mRNA expression lever. D-E, Relative mRNA and protein expression level of STAT5A in 
four gastric cancer cell lines compared to GES1 cells. GAPDH served as endogenous control. F, STAT5A mRNA expression 
pattern in 40 pairs of human gastric cancer tissues (Cancer) and adjacent tissues (Normal). G, STAT5A mRNA expression 
lever in four different grades of 40 cancer samples. H, Representative IHC image show STAT5A expression pattern in gastric 
cancer tissues (magnification 100X and 600X). I, Correlation of STAT5A expression and BMI was statistically analyzed with 
Chi-square test.



S.-R. Dong, X.-L. Ju, W.-Z. Yang

8364

to validate ANOVA for pairwise comparisons. 
The relationship between STAT5A expression 
and BMI was detected by χ2-test. p < 0.05 was 
considered as statistically significant.

Results

Expression Pattern of STAT5A 
in Gastric Cancer

To explore the potential role of STAT5A in 
the pathogenesis of gastric cancer, the expres-
sion pattern of STAT5A was first analyzed. 
The TCGA database showed a raising mRNA 
expression level of STAT5A in gastric cancer 
compared to adjacent tissues (Figure 1A). After 
classifying these gastric cancers, it was found 
that STAT5A expression increased with the 
pathological stages (Figure 1B). Patients with 
high STAT5A expression showed worse surviv-
al than those in low STAT5A expressed patients 
(Figure 1C). To further validate the expression 
pattern of STAT5A in gastric cancer, STAT5A 
expression was compared in four gastric cancer 
cell lines and normal gastric cell lines (GSE1). 
The results showed that STAT5A expressing 
in gastric cancer cells was higher than that in 
GSE1, and STAT5A expressing in MKN28 and 
AGS cells was the most evident.

Further, the expression of STAT5A in 40 clini-
cally collected cancer tissues and adjacent tissues 
was compared. In parallel, STAT5A expressing 
in gastric cancer tissues was significantly raised 
compared to adjacent tissues (Figure 1F, Supple-
mentary Table SI). Considering clinical grading 
of gastric cancer, the average expression level of 
STAT5A in high tumor grades (grade III-VI) was 
found significantly higher than that in lower tu-
mor grades (grade I and II; Figure 1G).

To further clarify STAT5A protein expres-
sion pattern in clinical gastric cancer tissues, we 
performed IHC staining of STAT5A in 40 gas-
tric cancer tissues, and found that STAT5A was 
mainly expressed in the nucleus of gastric cancer 
cells (Figure 1H). To analyze the relationship be-
tween STAT5A expression and clinical charac-
teristics of patients with gastric cancer, we found 
a significant relationship between STAT5A ex-
pression and body mass index (BMI) in gastric 
cancer patients (χ2-test, p=0.0361; Figure 1H). To 
be more specific, 52.5% (21/40) of patients were 
overweight (BMI>25) and high expression of 
STAT5A in gastric cancer tissues, while 72.5% 
(29/40) patients showed consistent feature of BMI 

and STAT5A expression (Figure 1I). These results 
demonstrated that STAT5A expression in gastric 
cancer tissues was associated with patient BMI.

STAT5A Function on Fatty Acid 
Metabolism in Gastric Cancer Cells

Numerous studies23-25 have indicated the key 
function of fatty acid metabolism in tumorigene-
sis, and the above results showed that the expres-
sion pattern of STAT5A in gastric cancer tissues 
is associated with BMI. Therefore, we sought to 
further verify whether STAT5A was involved in 
fatty acid metabolism in gastric cancer. Based on 
data from GSE69306, STAT5A was significantly 
associated with fatty acid metabolism pathways 
(NES value = 1.15, p < 0.001; Figure 2A). More-
over, Kaplan-Meier survival plot showed gastric 
cancer patients with BMI ≥ 25 kg/m2 showed a 
poor survival prognosis (Figure 2B). It is spec-
ulated that STAT5A was involved in the regu-
lation of fatty acid metabolism and combined 
the fatty acid metabolic signaling pathway with 
STAT5A may function in the development and 
progression of gastric cancer.

To assess whether STAT5A was involved in 
reprogramming fatty acid metabolism in gastric 
cancer cell lines, we examined the expression 
of several key fatty acid metabolic enzymes en-
riched in the fatty acid metabolism pathway of 
GSE69306 in STAT5A knockdown cells, and 
the results showed that FASN, ACOX1, CPT1A, 
ACC1, and FABP5 mRNA expression levels were 
down-regulated in STAT5A knockdown MKN28 
and AGS cells. Surprisingly, FABP5 mRNA lev-
els showed the greatest change, and exogenous 
overexpression of STAT5A can significantly res-
cue FABP5 expression (Figure 2C).

Further, we measured the effect of STAT5A 
expression on the content of fatty acids and their 
metabolic intermediates in gastric cancer cells. 
Our data showed that knockdown STAT5A in 
MKN28 and AGS cells resulted in a significant 
decrease in intracellular triglycerides and phos-
pholipids levels, whereas restoring STAT5A ex-
pression increased the levels of triglycerides and 
phospholipids in MKN28 and AGS cells (Figure 
2D, 2E). Moreover, cellular staining confirmed the 
content of neutral lipids in MKN28 and AGS cells 
were significantly reduced by silencing STAT5A, 
while exogenous expression STAT5A restored 
the cellular content of neutral lipids to a certain 
degree (Figure 2F). These results indicated that 
STAT5A had a potential effect on the expression 
of fatty acid metabolism-related enzymes, which 

https://www.europeanreview.org/wp/wp-content/uploads/Table_SI_STAT5A_mRNA_expression_level_in_cancer_and_normal_tissue-8537.png
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further affected the levels of fatty acids and their 
metabolic intermediates in gastric cancer cells.

STAT5A Dependent FABP5 Expression 
Mediates Fatty Acid Metabolism 
in Gastric Cancer Cells

To confirm that STAT5A has a potential effect 
on the expression of FABP5 in gastric cancer cells, 
we first explored the relationship of FABP5 and 
STAT5A expressed in gastric cancer. The results 
showed that the mRNA expression level of FABP5 

in gastric cancer tissues was significantly higher 
than that in normal tissues (Figure 3A, Supple-
mentary Table SII). Moreover, the expression lev-
el of FABP5 in gastric cancer had a significant pos-
itive correlation with STAT5A (Figure 3B). FABP5 
expression was significantly downregulated in the 
stable STAT5A knockdown MKN28 and AGS 
cells, but FABP5 level was also up-regulated after 
exogenous overexpression of STAT5A (Figure 3C). 
Those disclosed that STAT5A can regulate FABP5 
expression in gastric cancer cells.

Figure 2. STAT5A function on fatty acid metabolism in gastric cancer cells. A, Identification of gene sets enriched in phe-
notypes correlated with STAT5A by GSEA with GSE69306 data. B, Kaplan-Meier survival curves showed poor over survival 
with BMI≥25 (kg/m2). C, RT-qPCR analysis for mRNA levels of the key lipid metabolic enzymes FASN, ACC1, ACOX1, 
CPT1A, and FABP5 in the indicated cells. D-E, Cellular content of phospholipids (D) and triglycerides (E) was detected in 
the indicated cells. F, The neutral lipids content was detected by double staining with BODIPY 493/503 dye in the indicated 
cells (magnification 600X). 

https://www.europeanreview.org/wp/wp-content/uploads/Table_SII_FABP5_mRNA_expression_level_in_cancer_and_normal_tissue-8537.png
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To explore how STAT5A regulated FABP5 
expression in gastric cancer, we tested wheth-
er STAT5A bind to the promoter of the FABP5 

gene. Truncates of the FABP5 promoter region 
were cloned into vectors containing the Lucifer-
ase reporter gene (Figure 3D). By measuring the 

Figure 3. STAT5A dependent FABP5 expression mediates fatty acid metabolism in gastric cancer cells. A, Expression lever 
of FABP5 mRNA in gastric cancer contract to normal tissues. B, FABP5 co-expressed with STAT5A in gastric cancer based on 
40 gastric cancer tissues. C, Relative protein expression of FABP5 in the indicated cells. D, FABP5 promoter deletions fused to 
the Luciferase reporter gene were transfected with STAT5A in MKN28 and AGS cell lines. E, ChIP assay was used to examine 
the interaction of FABP5 promoter with STST5A in MKN28 and AGS cell lines. F, Relative mRNA expression of FABP5 in 
the indicated cells. G-H, The levels of phospholipids (G) and triglycerides (H) were measured in the indicated cells. I, The 
neutral lipid content was detected by double staining with BODIPY 493/503 dye in the indicated cells (magnification 600 ×). 
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Dual-Luciferase reporter gene expression, over-
expression of STAT5A was found to increase the 
reporter gene expression, and when we intercept-
ed the upstream of the FABP5 promoter by ap-
proximately 300 bp, the reporter gene expression 
intensity was significantly reduced (Figure 3D). 
Therefore, we hypothesized that approximately 
300 bp upstream of the FABP5 promoter are suf-
ficient as a binding site for STAT5A.In addition, 
the ChIP-qPCR assay indicated that STAT5A was 

able to significantly enrich the 300 bp upstream 
of the FABP5 gene promoter (Figure 3E). Those 
results indicated that STAT5A was a transcription 
factor of FABP5 in gastric cancer cells.

To further investigate the effect of STA-
T5A-dependent FABP5 transcription on fatty 
acid metabolism in gastric cancer cells, we con-
structed a stably knock down FABP5 MKN28 
and AGS cell line, and exogenously expressed 
STAT5A in this cell line can restore the expres-

Figure 4. STAT5A-regulated fatty acid metabolism promotes tumorigenic ability of gastric cancer cells in vitro and in vivo. 
A, CCK8 assay showed cells viability in the indicated cells. B, Colony formation assay showed cell growth of the indicated 
cells (magnification 20X). C, Qualification of the colony formation shown in B (n=3). D, The representative pictures of dis-
sected tumors from nude mice transplanted with stable FABP5-KD or FABP5-KD/STAT5A-OE AGS cells. E, Subcutaneous 
tumor growth curves of mice in different treatment groups was presented. F, The average weight of tumors at the time the 
animals were sacrificed in the indicated groups. G, Relative mRNA expression pattern of associated gene in tumor tissue 
acquired from nude mice.
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sion level of FABP5 to some extent (Figure 3F). 
By measuring the levels of fatty acids and their 
metabolites in those cell lines, we found that 
knockdown FABP5 significantly down-regulat-
ed the levels of triglycerides and phospholipids 
in MKN28 and AGS cells, while restoring STA-
T5A rescued intracellular levels of triglycerides 
and phospholipids (Figure 3G, 3H). This result 
was consistent with the staining result of neu-
tral lipids in MKN28 and AGS cells (Figure 3I). 
These results indicated that STAT5A can affect 
fatty acid metabolism by regulating the expres-
sion of FABP5 in gastric cancer cells.

STAT5A-Regulated Fatty Acid Metabolism 
Promotes Tumorigenic Ability of Gastric 
Cancer Cells

To assess whether STAT5A-mediated FABP5 
expression has an effect on the tumorigenic ca-
pacity of gastric cancer cells via regulating fatty 
acid metabolism, we next investigated the effect 
of STAT5A-regulated FABP5 expression on the 
proliferation of gastric cancer cells in vitro. In the 
MKN28 and AGS cell lines that have been con-
structed stably knock down FABP5, the CCK-8 
assay showed that silencing FABP5 significant-
ly down-regulated cell viability, but cell viabil-
ity increased significantly after overexpression 
of STAT5A (Figure 4A). Consistent with this, 
knockdown FABP5 significantly reduced the col-
ony formation of gastric cancer cells, whereas 
more clones were observed after overexpression 
of STAT5A (Figure 4B, 4C). Therefore, the above 
results can be inferred that STAT5A-regulated 
FABP5 expression has the positive effort on the 
proliferation of gastric cancer cells via mediating 
fatty acid metabolism.

Next, we explored the effect of STAT5A-me-
diated fatty acid metabolism on the tumori-
genesis of gastric cancer cells in vivo. A stable 
FABP5 silenced AGS cell line was selected as 
a representative to explore the tumorigenesis 
in a xenograft mouse model. Interestingly, the 
result of xenograft tumor model displayed that 
silencing FABP5 not only significantly down-
regulated tumor growth rate, but also weakened 
the size and weight of the tumor formation, 
while overexpression of STAT5A significant-
ly up-regulated tumor growth rate, size, and 
weight (Figure 4D, 4E, 4G). Therefore, the 
above results indicated that STAT5A-regulated 
fatty acid metabolism promotes tumorigenic 
ability of gastric cancer cells in vivo via raising 
the expression of FABP5.

Discussion

The association between metabolism and the 
development and treatment of cancer has been 
described in a number of cancer studies. Further, 
Aleman et al26 showed that controlling the inci-
dence of obesity is increasingly recognized as an 
important measure to reduce cancer risk. With 
the progress in cancer research, the relationship 
between fatty acid metabolism and cancer devel-
opment and treatment has also been intensively 
explored, which further increased our under-
standing of their connection27. Fatty acid metab-
olism was also recognized to play a key role in 
the initiation, progression, and drug resistance of 
cancer28. To date, many obesity-related drugs [lip-
id-lowering (statin) or anti-diabetic (metformin)] 
have been found to be a better therapeutic effect 
on cancer29,30. Collectively, these observations 
further suggested that studies31 about lipid me-
tabolism in tumor cells may be a viable strategy 
to address cancer development, progression, and 
drug resistance.

Our research found that fatty acid metabolism 
in gastric cancer cells can also significantly af-
fect the tumorigenic ability of gastric cancer cells. 
The down-regulation of fatty acid binding protein 
5 can significantly reduce the tumorigenic ability 
of gastric cancer cells in vivo accompanying with 
the reducing content of fatty acids in the cells. 
Therefore, in the future, further exploration of 
lipid metabolism in gastric cancer will provide a 
new dawn for the treatment of gastric cancer.

STAT5A was widely recognized as a tu-
mor-promoting gene in tumors32. STAT5A has 
been recognized as transcription factor that pro-
motes the proliferation, differentiation, and the 
pathogenesis of tumors, and this has been empha-
sized in some breast cancer models33. In the WAP-
TAg mouse model of breast cancer, the STAT5A 
hemizygous mice sufficiently resulted with a less, 
smaller, and delayed tumor formation than the 
wild type mice34. Furthermore, in a mouse model 
overexpressing STAT5A, mice were more suscep-
tible to tumors35. These studies indicated that ab-
normal expression of STAT5A was an important 
factor in the progression of tumor pathology.

In this research, we sought to clarify the spe-
cific function of STAT5A in the pathogenesis of 
gastric cancer and its molecular mechanism. We 
not only found that STAT5A was up-regulated 
in gastric cancer, but STAT5A can significantly 
affect the fatty acid metabolism pathway in gas-
tric cancer cells, which was a new discovery of 
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STAT5A in the field of cancer research. In addi-
tion, except for fatty acid metabolism pathways, 
we also found that STAT5A significantly enrich 
glucose-related pathways, such as “fructose and 
mannose metabolism”, “pentose and glucuronate 
interconversions”, and “starch and sucrose me-
tabolism” pathway. This evidence fully demon-
strated the important role of STAT5A in the field 
of tumor metabolism. In conclusion, a more in-
depth understanding of how STAT5A activity is 
regulated in gastric cancer will bring new dawn 
to the treatment of gastric cancer.

Conclusions

In summary, our study described a novel 
mechanism of STAT5A on the fatty acid metab-
olism of gastric cancer. In addition, we demon-
strated for the first time that STAT5A can signifi-
cantly affect the tumorigenic ability of gastric 
cancer cells by regulating the expression of 
FABP5 in gastric cancer, and confirmed that the 
up-regulated STAT5A plays a cancer-promoting 
function in the pathological process of gastric 
cancer. Besides, it provides a new perspective 
for STAT5A in cancer research.

Conflicts of interest
The authors declare no conflicts of interest.

References

  1)	 Balakrishnan M, George R, Sharma A, Graham DY. 
Changing trends in stomach cancer throughout 
the world. Curr Gastroenterol Rep 2017; 19: 36.

  2)	 Wei Y, Wang D, Topczewski F, Pagliassotti MJ. Sat-
urated fatty acids induce endoplasmic reticulum 
stress and apoptosis independently of ceramide 
in liver cells. Am J Physiol Endocrinol Metab 
2006; 291: E275-281.

  3)	 Diakogiannaki E, Welters HJ, Morgan NG. Differen-
tial regulation of the endoplasmic reticulum stress 
response in pancreatic beta-cells exposed to 
long-chain saturated and monounsaturated fatty 
acids. J Endocrinol 2008; 197: 553-563.

  4)	 Xu L, Kitade H, Ni Y, Ota T. Roles of chemokines 
and chemokine receptors in obesity-associated 
insulin resistance and nonalcoholic fatty liver dis-
ease. Biomolecules 2015; 5: 1563-1579.

  5)	 5.Neuman MG, French SW, Zakhari S, Malnick S, 
Seitz HK, Cohen LB, Salaspuro M, Voinea-Griffin A, 
Barasch A, Kirpich IA, Thomes PG, Schrum LW, Dono-
hue TJ, Kharbanda KK, Cruz M, Opris M. Alcohol, mi-

crobiome, life style influence alcohol and non-al-
coholic organ damage. Exp Mol Pathol 2017; 102: 
162-180.

  6)	 Olefson S, Moss SF. Obesity and related risk fac-
tors in gastric cardia adenocarcinoma. Gastric 
Cancer 2015; 18: 23-32.

  7)	 Chow WH, Blot WJ, Vaughan TL, Risch HA, Gammon 
MD, Stanford JL, Dubrow R, Schoenberg JB, Mayne 
ST, Farrow DC, Ahsan H, West AB, Rotterdam H, 
Niwa S, Fraumeni JF Jr. Body mass index and risk of 
adenocarcinomas of the esophagus and gastric 
cardia. J Natl Cancer Inst 1998; 90: 150-155.

  8)	 Steffen A, Huerta JM, Weiderpass E, Bueno-de-Mes-
quita HB, May AM, Siersema PD, Kaaks R, Neamat-Al-
lah J, Pala V, Panico S, Saieva C, Tumino R, Naccarati 
A, Dorronsoro M, Sanchez-Cantalejo E, Ardanaz 
E, Quiros JR, Ohlsson B, Johansson M, Wallner B, 
Overvad K, Halkjaer J, Tjonneland A, Fagherazzi G, 
Racine A, Clavel-Chapelon F, Key TJ, Khaw KT, Ware-
ham N, Lagiou P, Bamia C, Trichopoulou A, Ferrari P, 
Freisling H, Lu Y, Riboli E, Cross AJ, Gonzalez CA, 
Boeing H. General and abdominal obesity and risk 
of esophageal and gastric adenocarcinoma in the 
European Prospective Investigation into cancer 
and nutrition. Int J Cancer 2015; 137: 646-657.

  9)	 Schug TT, Berry DC, Shaw NS, Travis SN, Noy N. Op-
posing effects of retinoic acid on cell growth result 
from alternate activation of two different nuclear 
receptors. Cell 2007; 129: 723-733.

10)	 Schug TT, Berry DC, Toshkov IA, Cheng L, Nikitin AY, 
Noy N. Overcoming retinoic acid-resistance of 
mammary carcinomas by diverting retinoic acid 
from PPARbeta/delta to RAR. Proc Natl Acad Sci 
USA 2008; 105: 7546-7551.

11)	 Sessler RJ, Noy N. A ligand-activated nuclear lo-
calization signal in cellular retinoic acid binding 
protein-II. Mol Cell 2005; 18: 343-353.

12)	 Berry DC, Noy N. All-trans-retinoic acid represses 
obesity and insulin resistance by activating both 
peroxisome proliferation-activated receptor beta/
delta and retinoic acid receptor. Mol Cell Biol 
2009; 29: 3286-3296.

13)	 Adamson J, Morgan EA, Beesley C, Mei Y, Foster CS, 
Fujii H, Rudland PS, Smith PH, Ke Y. High-level ex-
pression of cutaneous fatty acid-binding protein 
in prostatic carcinomas and its effect on tumori-
genicity. Oncogene 2003; 22: 2739-2749.

14)	 Liu RZ, Graham K, Glubrecht DD, Germain DR, Mack-
ey JR, Godbout R. Association of FABP5 expres-
sion with poor survival in triple-negative breast 
cancer: implication for retinoic acid therapy. Am J 
Pathol 2011; 178: 997-1008.

15)	 Campos B, Centner FS, Bermejo JL, Ali R, Dorsch K, 
Wan F, Felsberg J, Ahmadi R, Grabe N, Reifenberger 
G, Unterberg A, Burhenne J, Herold-Mende C. Ab-
errant expression of retinoic acid signaling mol-
ecules influences patient survival in astrocytic 
gliomas. Am J Pathol 2011; 178: 1953-1964.

16)	 Kannan-Thulasiraman P, Seachrist DD, Mahabelesh-
war GH, Jain MK, Noy N. Fatty acid-binding pro-
tein 5 and PPARbeta/delta are critical mediators 



S.-R. Dong, X.-L. Ju, W.-Z. Yang

8370

of epidermal growth factor receptor-induced 
carcinoma cell growth. J Biol Chem 2010; 285: 
19106-19115.

17)	 Muller WJ, Sinn E, Pattengale PK, Wallace R, Leder 
P. Single-step induction of mammary adenocar-
cinoma in transgenic mice bearing the activated 
c-neu oncogene. Cell 1988; 54: 105-115.

18)	 O’Shea JJ, Schwartz DM, Villarino AV, Gadina M, 
McInnes IB, Laurence A. The JAK-STAT pathway: 
impact on human disease and therapeutic inter-
vention. Annu Rev Med 2015; 66: 311-328.

19)	 Rawlings JS, Rosler KM, Harrison DA. The JAK/
STAT signaling pathway. J Cell Sci 2004; 117: 
1281-1283.

20)	 Kiu H, Nicholson SE. Biology and significance of 
the JAK/STAT signalling pathways. Growth Fac-
tors 2012; 30: 88-106.

21)	 Sonkin D, Palmer M, Rong X, Horrigan K, Regnier 
CH, Fanton C, Holash J, Pinzon-Ortiz M, Squires M, 
Sirulnik A, Radimerski T, Schlegel R, Morrissey M, Cao 
ZA. The identification and characterization of a 
STAT5 gene signature in hematologic malignan-
cies. Cancer Biomark 2015; 15: 79-87.

22)	 Miklossy G, Hilliard TS, Turkson J. Therapeutic 
modulators of STAT signalling for human diseas-
es. Nat Rev Drug Discov 2013; 12: 611-629.

23)	 Merry AH, Schouten LJ, Goldbohm RA, van den 
Brandt PA. Body mass index, height and risk of 
adenocarcinoma of the oesophagus and gastric 
cardia: a prospective cohort study. Gut 2007; 56: 
1503-1511.

24)	 Abnet CC, Freedman ND, Hollenbeck AR, Fraumeni 
JJ, Leitzmann M, Schatzkin A. A prospective study 
of BMI and risk of oesophageal and gastric ade-
nocarcinoma. Eur J Cancer 2008; 44: 465-471.

25)	 Schulz MD, Atay C, Heringer J, Romrig FK, Schwitalla 
S, Aydin B, Ziegler PK, Varga J, Reindl W, Pommerenke 
C, Salinas-Riester G, Bock A, Alpert C, Blaut M, Pol-
son SC, Brandl L, Kirchner T, Greten FR, Polson SW, 
Arkan MC. High-fat-diet-mediated dysbiosis pro-
motes intestinal carcinogenesis independently of 
obesity. Nature 2014; 514: 508-512.

26)	 Aleman JO, Eusebi LH, Ricciardiello L, Patidar K, Sany-
al AJ, Holt PR. Mechanisms of obesity-induced 
gastrointestinal neoplasia. Gastroenterology 2014; 
146: 357-373.

27)	 de Jonge PJ, van Blankenstein M, Grady WM, Kuipers 
EJ. Barrett’s oesophagus: epidemiology, cancer 
risk and implications for management. Gut 2014; 
63: 191-202.

28)	 Li C, Zhao X, Toline EC, Siegal GP, Evans LM, Ibra-
him-Hashim A, Desmond RA, Hardy RW. Prevention 
of carcinogenesis and inhibition of breast cancer 
tumor burden by dietary stearate. Carcinogenesis 
2011; 32: 1251-1258.

29)	 Zaleska M, Mozenska O, Bil J. Statins use and can-
cer: an update. Future Oncol 2018; 14: 1497-1509.

30)	 Hager MH, Solomon KR, Freeman MR. The role of 
cholesterol in prostate cancer. Curr Opin Clin Nutr 
Metab Care 2006; 9: 379-385.

31)	 Guilherme A, Virbasius JV, Puri V, Czech MP. Adipo-
cyte dysfunctions linking obesity to insulin resis-
tance and type 2 diabetes. Nat Rev Mol Cell Biol 
2008; 9: 367-377.

32)	 Sonkin D, Palmer M, Rong X, Horrigan K, Regnier 
CH, Fanton C, Holash J, Pinzon-Ortiz M, Squires M, 
Sirulnik A, Radimerski T, Schlegel R, Morrissey M, Cao 
ZA. The identification and characterization of a 
STAT5 gene signature in hematologic malignan-
cies. Cancer Biomark 2015; 15: 79-87.

33)	 Bibi S, Arslanhan MD, Langenfeld F, Jeanningros 
S, Cerny-Reiterer S, Hadzijusufovic E, Tchertanov L, 
Moriggl R, Valent P, Arock M. Co-operating STAT5 
and AKT signaling pathways in chronic myeloid 
leukemia and mastocytosis: possible new targets 
of therapy. Haematologica 2014; 99: 417-429.

34)	 Linher-Melville K, Singh G. The complex roles of 
STAT3 and STAT5 in maintaining redox balance: 
lessons from STAT-mediated xCT expression in 
cancer cells. Mol Cell Endocrinol 2017; 451: 40-52.

35)	 Hu X, Dutta P, Tsurumi A, Li J, Wang J, Land H, Li 
WX. Unphosphorylated STAT5A stabilizes heter-
ochromatin and suppresses tumor growth. Proc 
Natl Acad Sci U S A 2013; 110: 10213-10218.


