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Abstract. Gastric cancer is a common type of cancer world-
wide, and has a poor prognosis, in part due to the low rates 
of early diagnosis and the limited treatment methods avail-
able. Apolipoprotein E (ApoE) is involved in exogenous 
cholesterol transport and may be important in enabling tumor 
cells to fulfill their high cholesterol requirements. A number 
of reports have indicated that ApoE affects the development 
and prognosis of gastric cancer. Therefore, the aim of the 
present study was to investigate the genes and transcription 
factors that interact with ApoE during the development of 
gastric cancer. Using gene expression profiling, the BioGRID 
database and the transcriptional regulatory element database, 
gene expression and regulatory networks in gastric cancer 
tissues and adjacent normal tissues were analyzed. The data 
demonstrated that eight genes associated with ApoE were 
differentially expressed, with six of these upregulated and two 
downregulated. Functionally, these genes were involved in 
the JAK‑STAT cascade, acute‑phase response, acute inflam-
matory response, and the steroid hormone response. Among 
these ApoE-associated genes, expression of the signal trans-
ducer and activator of transcription 2 (STAT2) and STAT3 
transcription factors was upregulated. To the best of our 
knowledge, this is the first study to demonstrate the network of 
ApoE-related genes and transcription factors in gastric cancer. 
Additional studies are required in order to confirm these data 

and to translate the results into the identification of clinical 
biomarkers and  novel treatment strategies for gastric cancer.

Introduction

Gastric cancer is the fourth most common type of cancer and 
the second-highest cause of cancer-related mortality, world-
wide (1). Approximately 8% of newly diagnosed malignant 
tumors originate in the stomach, and >700,000 people succumb 
to gastric cancer annually (2). Epidemiological studies have 
indicated that the risk factors for gastric cancer include family 
history, age, gender, consumption of salt-preserved foods and 
dietary nitrites, gastrectomy, Helicobacter pylori (H. pylori) 
infection, smoking and alcohol. Several treatment modalities 
for gastric cancer are available, including surgery, chemo-
therapy, radiotherapy and immunotherapy. However, the 
prognosis for patients with gastric cancer remains relatively 
poor. The global five-year survival rate is ~20%, which is 
likely to be due to diagnosis at an advanced stage of disease 
and the limited treatment options that are available. Therefore, 
there is a requirement to identify novel biomarkers to aid with 
the early diagnosis and treatment of gastric cancer.

Previous studies have demonstrated that aberrant cellular 
metabolism is a hallmark of tumorigenesis and cancer progres-
sion (3-5). Accumulating evidence indicates that in vivo tumors 
and tumor cell lines undergo abnormal changes in cholesterol 
metabolism (6,7). In theory, rapidly dividing cancer cells utilize 
two major mechanisms, in order to fulfill their cholesterol 
requirements (8). Cellular requirements may be met by either 
de novo cholesterol biosynthesis, or by uptake of exogenous lipo-
protein-associated cholesterol and cholesteryl esters. De novo 
cholesterol biosynthesis is under tight feedback regulation in 
normal cells and tissues (9). However, during tumorigenesis, 
this mechanism is altered, which is likely to be a reflection 
of the increased cholesterol requirements of actively dividing 
tumor cells. Cholesterol metabolism shifts during neoplasia, 
and absorption of exogenous cholesterol increases because it 
is important for neoplasia due to the increased demand of the 
tumor cells (10).

Apolipoprotein E (ApoE), secreted by hepatic and extrahe-
patic cells, affects cholesterol transport, lipid metabolism and 
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protein synthesis, by binding to the low-density lipoprotein 
receptor and the ApoE receptor on lipid particles. ApoE 
participates in other cellular functions, including tissue 
repair, immune response and regulation, and cell growth 
and differentiation (11,12). Numerous studies have shown 
that ApoE expression is associated with a number of types 
of tumors and tumor cell lines (13). Recently, ApoE has been 
identified as a potential tumor‑associated marker for gastric 
cancer, due to its elevated protein expression relative to that 
of normal controls (14).

Although ApoE is known to be overexpressed in gastric 
cancer, its associated genes and transcription factors remain 
to be identified. The present study used Affymetrix Exon 
Arrays to identify differential gene expression profiles in 
gastric cancer tissues and adjacent normal tissues. Tran-
scription factor-gene regulatory networks were constructed 
through integration of the transcriptional regulatory element 
database (TRED) (15), the BioGRID database and gene 
expression profiling, using Cytoscape software version 
3.0.1 (Ontario Genomics Institute, Toronto, Canada). ApoE 
associated genes and its transcription factor-gene regulatory 
network were systematically identified. The aim of the study 
was to provide insight into the pathogenesis of gastric cancer, 
and to identify biomarkers in order to improve the diagnosis 
and treatment of this disease.

Materials and methods

Sample collection. Five pairs of gastric cancer tissues and 
adjacent noncancerous tissues were obtained at the First 
Hospital of Jilin University (Changchun, China). This study 
was approved by the First Hospital of Jilin University review 
board and each patient provided written informed consent. All 
tissues were snap-frozen and stored in liquid nitrogen within 
20 min of resection. TNM cancer staging and histological 
classification were performed by a pathologist, according to 
the World Health Organization (WHO) criteria (16).

RNA isolation and microarray hybridization and scanning. 
Briefly, a total of 15 mg RNA was extracted from each 
tissue sample, using TRIzol™ (Invitrogen Life Technolo-
gies, Carlsbad, CA, USA), followed by purification using the 
RNeasy Mini kit (Qiagen, Düsseldorf, Germany), according 
to the manufacturer's instructions. The A260/A280 ratio 
was determined by a UV2800 ultraviolet spectrophotometer 
(Unico, Dayton, NY, USA). RNA samples with ratios of 
1.8-2.0 were considered highly purified.

RNA samples were analyzed using the GeneChip Human 
Exon 1.0 ST Array (Affymetrix, Santa Clara, CA, USA), 
according to the protocol detailed in the GeneChip Expres-
sion Analysis Technical Manual (P/N 900223). Briefly, 
1 mg of RNA template was reverse transcribed into cDNA, 
followed by endonuclease digestion and labeling with the 
DNA labeling reagent provided by Affymetrix. The labeled 
samples were mixed with hybridization cocktail and hybrid-
ized to the microarray at 45˚C with centrifugation at 1 x g 
for 17 h. The array was washed and stained on the GeneChip 
Fluidics Station 450, using the appropriate fluidics solutions, 
prior to insertion into the Affymetrix autoloader carousel. 
Arrays were scanned using the GeneChip Scanner 3000 with 

GeneChip Operating Software. All instruments, chips and 
reagents were obtained from Affymetrix.

Analysis of differentially expressed genes. In order to analyze 
the arrays and extract raw signal data, GeneChip Operating 
Software was used. After importing raw signal data, the Limma 
algorithm, linear models and empirical Bayes methods were 
utilized to analyze the data and identify differentially expressed 
genes. Stringent criteria were used in order to prevent very small 
fold changes from being judged as differentially expressed as 
a result of small residual standard deviations. The resulting 
P‑values were adjusted using the Benjamini and Hochberg false 
discovery rate (BH‑FDR) algorithm (17). Gene expression was 
considered to be significantly different if both FDR values were 
<0.05, limiting the FDR to ≤5%, and gene expression exhibited 
a ≥2-fold change between cancer and the corresponding normal 
tissues; that is, log2FC >1 or log2FC <-1, and P-value <0.05.

Construction of a transcription factor gene network using gene 
expression profiling, TRED and the BioGRID database. A 
transcription factor (TF)-gene network was constructed, based 
on gene expression profiling, TRED and the BioGRID database, 
using cytoscape software, according to the regulatory interac-
tions and the differential expression values of each TF and gene. 
Attributing associations among all genes and TFs created the 
adjacent matrix. The resulting analysis is presented in Fig. 1.

Functional enrichment analysis of genes. The database for 
annotation, visualization and integrated discovery (DAVID) 
functional annotation software was applied to analyze the 
functional enrichment of aberrant genes. The 'GENETIC_
ASSOCIATION_DB_DISEASE_CLASS' and 'GENE 
ONTOLOGY' options provided information about disease 
association enrichment and functional enrichment of gene 
clusters. The 'GENETIC_ASSOCIATION_DB_DISEASE_
CLASS' was selected in order to identify disease class 
enrichment, and 'GOTERM_MF_FAT' was used to identify 
functional enrichment, with the Benjamini method for deter-
mining a significant enrichment score ≥1.3.

Results and Discussion

In order to identify differentially expressed genes in gastric 
cancer, Affymatrix Exon Arrays containing 17,800 human 
genes were utilized, and five pairs of gastric tumor tissues 
and adjacent normal tissues were analyzed. A total of 1,224 
genes demonstrated a ≥2‑fold change in expression in tumor 
tissues relative to that of adjacent normal tissues (data not 
shown). Among these differentially expressed genes, 730 
were upregulated while 495 were downregulated. Specifi-
cally, the expression of ApoE was greater (log2FC=1.345) 
in gastric cancer tissues compared with that adjacent normal 
tissues (P<0.01). A previous study demonstrated that ApoE 
was upregulated in gastric cancer tissues, and that its overex-
pression was associated with a poor prognosis in patients with 
gastric cancer (18). Therefore, ApoE-associated genes and 
its regulatory network in gastric cancer tissues, were further 
investigated using in silico analyses.

In order to identify genes and TFs associated with ApoE-over-
expression, the BioGRID database was utilized. Additionally, 
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TRED was used to analyze cis‑ and trans‑regulatory elements 
that have been identified in mammals. Thus, integration of the 
analyses from the gene expression profiling, and the BioGRID 
and TRED databases was used to analyze ApoE‑associated 
genes. The results demonstrated that eight genes, namely 
signal transducer and activator of transcription 2 (STAT2), 

STAT3, low-density lipoprotein receptor-related protein 1 
(LRP1), α2‑macroglobulin (A2M), interferon‑induced protein 
with tetratricopeptide repeats 3 (IFIT3), ankylosis progressive 
homolog (ANKH), and the cytochrome P450 genes, CYP2C8 
and CYP2C18, were associated with ApoE and were differen-
tially expressed, with six of these found to be upregulated and 

Table II. Functional enrichment analysis of genes in the regulatory network.
 
Category Term P‑value Genes Fold enrichment Benjamini
 
GO:0007259 JAK-STAT cascade 1.4x10-2 STAT3, STAT2 115.62 8.8x10-1

GO:0006953 Acute-phase response 1.5x10-2 A2M, STAT3 112.73 6.6x10-1

GO:0002526 Acute inflammatory response 3.6x10-2 A2M, STAT3 46.014 8.3x10-1

GO:0048545 Steroid hormone response 6.9x10-2 A2M, STAT3 23.4 9.3x10-1

STAT, signal transducer and activation of transcription; A2M, α2-macroglobulin.
 

Table III. Disease class enrichment analysis of genes in the TF‑gene regulatory network.
 
Term P‑value Genes  Fold enrichment Benjamini
 
Immune 5.8x10-2 A2M, LRP1, ANKH, STAT3 3.053 3.0x10-1

Pharmacogenomic 6.0x10-2 LRP1, CYP2C8, STAT3 5.5436 2.2x10-1

Metabolic 6.6x10-2 A2M, LRP1, CYP2C8, ANKH 2.9038 1.8x10-1

Cardiovascular 2.5x10-3 A2M, LRP1, CYP2C8, ANKH, STAT3 0.02926 2.9x10-2

TF, transcription factor; A2M, α2-macroglobulin; LRP1, low-density lipoprotein receptor-related protein 1; ANKH, ankylosis progressive 
homolog; STAT, signal transducer and activator of transcription; CYP, cytochrome P450 enzyme.

Figure 1. TF gene network of eight differentially expressed genes related to apolipoprotein E in gastric cancer tissues. Red circles indicate upregulated genes, green 
circles indicate downregulated genes and grey circles indicate genes with unchanged expression. Yellow triangles indicate TFs. The direction of the arrow is from 
the regulatory source to the target. TF, transcription factor.
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two downregulated (Table I). Ultimately, TF‑gene regulatory 
networks centered on ApoE, were established for the gastric 
cancer tissues examined in the present study (Fig. 1).

In addition, DAVID was utilized to provide a functional 
enrichment analysis of these eight differentially expressed 
genes. Using DAVID, the JAK‑STAT cascade, acute‑phase 
response, acute inf lammatory response and steroid 
hormone response genes were identified as significantly 
enriched (Table II). These eight aberrantly expressed genes 
were categorized into immune, pharmacogenomic, metabolic 
and cardiovascular disease classes (Table III).

LRP1, also termed ApoE‑specific lipoprotein receptor, or 
ApoE receptor, is a cell-surface protein that is involved in the 
metabolism of cholesterol, by mediating the endocytosis of 
ApoE-containing lipoproteins from plasma into cells. ApoE 
secreted from cancer cells, suppresses invasion and metastatic 
endothelial recruitment by engaging LRP1 and LRP8 recep-
tors, respectively. The function of LRP1 in the regulation of 
tumor growth has been well documented. Studies have shown 
that increased LRP1 expression correlates with high levels of 
invasion (19) and, conversely, silencing of LRP1 prevents the 
spread of malignant cells (20). In gliomas, LRP1 expression 
in tumors greatly exceeded that in normal brain tissues (21) 
and its expression was found to be correlated with tumor 
aggressiveness (22). The abundant expression of LRP1 mRNA 
suggests that it may be involved in the uptake of ApoE phos-
pholipid discoidal particles or ApoE-enriched high-density 
lipoprotein in gastric cancer.

LRP1 is an A2M receptor. Recent studies have demon-
strated that A2M may also regulate cell signal transduction 
via LRP1 (23‑25). A2M is responsible for the binding and 
inactivation of plasma proteases, as well as the transport of 
various cytokines, growth factors and hormones (26). ApoE is 
non‑covalently bound to A2M in human plasma, and therefore, 
the present in silico analysis of ApoE binding may provide 
insights into the pathogenic and intracellular role of ApoE in 
cancer cells. In addition, A2M has previously been reported 
as a candidate biomarker for the early diagnosis in numerous 
types of cancers, including gastric cancer (27-29).

Additional genes, including IFIT3, ANKH, CYP2C18 
and CYP2C8, were demonstrated to be correlated with ApoE 
expression in the present study, and have also previously 
been linked to ApoE expression in Alzheimer's disease (30). 
IFIT3 inhibits cell migration and shows marked antiprolifera-
tive effects (31). Overexpression of IFIT3 has been shown to 
induce tumor proliferation, angiogenesis and chemoresistance 
in pancreatic carcinoma cells (32). ANKH is a transmembrane 
protein that transports intracellular pyrophosphate to the 
extracellular milieu (33) and has been demonstrated to be 
overexpressed in bladder cancer (34) and small cell lung cancer 
cell lines (35). CYP450 has been shown to be downregulated 
in hepatocytes in response to inflammation and infection (36). 
Local chronic inflammation is hypothesized to contribute to 
tumorigenesis, particularly in gastric cancer that is associated 
with H. pylori infection (37). The present study also indicated 
that CYP2C18 and CYP2C8 were downregulated in gastric 
cancer tissues. A separate study demonstrated that CYP2C18 
was associated with the development of gastric cancer (38).

In order to identify ApoE regulatory TFs, TRED was 
used. The results demonstrated that ApoE may be regulated 

directly by STAT2, or indirectly by STAT3. In order to gain 
an improved understanding of the regulatory network, a brief 
framework of the network was configured (Fig. 1). STAT2 
and STAT3 are members of the signal transducer and acti-
vator of transcription family. STAT3 is involved in selectively 
inducing and maintaining a procarcinogenic inflammatory 
microenvironment that promotes tumor cell transforma-
tion (39). The JAK-STAT signaling pathway is known to 
regulate genes that are involved in the regulation of cell prolif-
eration, differentiation and apoptosis, by transducing signals 
from the cell membrane to the nucleus (40). Targeting the 
JAK‑STAT3 signaling pathway, and specifically STAT3, has 
been hypothesized to be a potential therapeutic strategy for 
cancer (41). STAT2 has been identified as a novel contributor 
to carcinogensis, and may increase the gene expression and 
secretion of proinflammatory mediators, thereby activating 
the oncogenic STAT3 signaling pathway (42). The current 
data demonstrated significantly increased levels of STAT3 
and STAT2 in gastric cancer tissues. However, further inves-
tigation of the importance of JAK-STAT activation in this 
disease is required.

The present study demonstrated that a combination 
of interaction discovery experiments and computational 
analyses from diverse biological data, may help to identify 
causative genes in gastric cancer. In particular, ApoE as was 
identified as a potential biomarker of this disease. Although 
further studies are required, these findings indicate a role for 
ApoE in the development of gastric cancer.
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