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Abstract: Arachidonic acid (AA) and its metabolites are involved in the development and progression of inflammation
and tumors in various tissues. We investigated the protein-protein interaction network (PPIN) of key enzymes in AA
metabolism and their interacting proteins, as well as their expression patterns in different types of esophageal dis-
ease, involving esophagitis, Barrett's esophagus, adenocarcinoma and squamous cell carcinoma. PPINs were con-
structed to illustrate the key enzymes and their interacting proteins along the metabolic cascade. The network also
showed key enzymes that could connect or cross-talk with at least one partner protein. The inflammation-related
gene RELA (NF-kB) was found to interact with both PLA2G4A and ALOX5. Expression levels of the PPIN proteins, as
well as their expression correlations, in different esophageal diseases were analyzed and integrated into the PPIN
to illustrate a dynamic change. At least six significant pairs of expression relationships were identified across dif-
ferent esophageal diseases. The expression levels of eight enzymes (ALOX5, ALOX5AP, CYP2CS8, CYP4F11, LTA4H,
PLA2G4A, CYP2D6, PTGES2) correlated with the survival time of ESCC patients. In summary, we constructed an AA
metabolic PPIN to explore AA metabolism-related gene expression patterns in esophageal diseases, showing their
dynamic change and potential for therapeutic targeting from inflammation to cancer.
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Introduction

Arachidonic acid (AA) is released from phos-
pholipids by phospholipase A2, and converted
to endogenous bioactive eicosanoids, such as
prostaglandins, leukotrienes, and other bioac-
tive products, through the action of three class-
es of key enzymes: cyclooxygenase, lipoxygen-
ase, and cytochrome P450 (CYP). The immedi-
ate product of ALOX5 is leukotriene A4 (LTA4),
which is enzymatically converted into either
leukotriene B4 (LTB4) by LTA4 hydrolase
(LTA4H), or leukotriene C4 (LTC4) by LTC4 syn-
thase (LTC4S). Cyclooxygenases, such as COX-1

(PTGS1) and COX-2 (PTGS2), generate pros-
tanoids that can be further subdivided into
three main groups: the prostaglandins (PGs),
prostacyclin (PGI2), and thromboxanes (TXs).
CYP epoxygenases (CYP-EOs) convert arachi-
donic acid to epoxyeicosatrienoic acids (EETs).
CYP hydroxylases (CYP-HOs) metabolize arachi-
donic acid to hydroxyeicosatetraenoic acids
(HETEs) [1-3].

Eicosanoids derived from the arachidonic acid
cascade and their catabolic key enzymes, have
been implicated in the pathogenesis of a vari-
ety of human diseases, as well as tumor promo-
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tion, progression and metastasis [4-6]. Over-
expression of PLA2G4A promotes proliferation
of colorectal cancer cells [7], and increased
expression of PLA2G4A occurs in the progres-
sion of Barrett’s esophageal mucosa to adeno-
carcinoma [8]. Inhibition of ALOX5 by F3 sup-
presses vascular endothelial growth factor
(VEGF)-induced tube formation and chemoin-
vasion of endothelial cells in vitro [9]. On the
other hand, deletion of ALOX5 in the tumor
microenvironment promotes lung cancer pro-
gression and metastasis through regulating
T cell recruitment [10]. An exaggerated activity
of the LTA4H enzyme frequently coexists with,
and is believed to contribute to the pathogene-
sis of a variety of diseases associated with
neutrophils, including sepsis, cystic fibrosis,
non-steroid-dependent asthma, and chronic
obstructive pulmonary disease [11]. The
expression and functional roles of other key
enzymes related to AA metabolism in tumors
have been summarized in several reviews
[12-15].

Protein-protein interaction network (PPIN)-
based analyses have become more prevalent
due to the greater availability of high-through-
put data [16]. The PPIN is able to illustrate more
information at a glance, to identify the key
genes or predict drug targets [17]. Network-
based computational approaches aim to sys-
tematically integrate measurements from high-
throughput experiments to gain a global under-
standing of cellular function.

The esophagus is an open organ, connecting
with the mouth and stomach, and easily suffers
from reflux. Reflux esophagitis causes dyspla-
sia and metaplasia, and abnormal esophageal
mucosa metaplasia can predispose individuals
to various kinds of esophageal disease, includ-
ing carcinoma [18, 19]. Considering these char-
acteristics, the esophagus provides a good
model to study the dynamic changes of AA
metabolism in the disease process. We
assumed that the key enzymes of AA metabo-
lism, and their interacting proteins, could
decide the metabolic direction and trend of AA,
when considering their expression levels and
the expression correlation strength. In this
study, we applied PPIN-based analyses of key
enzymes required for AA metabolism, to illus-
trate a dynamic view of the change for AA
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metabolism-related genes in different esopha-
geal diseases.

Methods and materials

Identification of the AA metabolism pathway
and its key enzymes

By searching the PubMed literature and taking
KEGG map00590 (arachidonic acid metabo-
lism pathway) as the model, the key metabolic
enzymes in AA metabolism were identified
and shown for convenient illustration.

Construction of the PPIN for AA metabolism

The latest human protein-protein interaction
data were obtained from several databases,
such as HPRD (http://www.hprd.org/), BioGRID
(http://thebiogrid.org/), DIP (http://dip.doe-
mbi.ucla.edu/dip/Main.cgi), and IntAct (http://
www.ebi.ac.uk/intact/). Physical protein inter-
actions were collected from published papers
and confirmed by low-throughput or high-
throughput experiments, providing high confi-
dence for future analyses, such as disease
research integrated with the human PPIN [20].
The protein interaction dataset from different
databases was integrated manually to reduce
redundancy, and obtain a unique dataset con-
taining all known published human protein-pro-
tein interactions. This unique PPI dataset had
20,815 unique proteins and 288,496 interac-
tions, and was considered as the parental PPI
network from which new or child PPl networks
were constructed.

Cytoscape software is a powerful free soft-
ware, for visualization, data integration and
analysis of PPINs, with its diverse application
of plugins [21]. For visualization, PPINs are
presented with the nodes as the proteins and
the edges as their interactions. First, the AA
metabolism enzymes (genes) were mapped to
the parental PPIN, and their first class directly-
interacting proteins were extracted to cons-
truct the sub-network, which we called “Full-
PPIN”. Second, to better illustrate the proteins
between AA metabolic enzymes, only key
enzymes and their connecting proteins were
extracted to construct a more direct PPl sub-
network, which we named “Core-PPIN”. Third,
AA metabolic enzymes linked through only
one partner protein were indicated in a
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Table 1. Brief description of applied GEO data

Accession

number Experimental design

Disease stage or treatment References

GSE33426 Three-dimensional tumor profiling
reveals minimal mMRNA heterogeneity in
esophageal squamous cell carcinoma

GSE24931 Bile acids promote adenocarcinoma in
a novel transgenic mouse model of Bar-
rett’s esophagus

GSEQ768 Identification of genes modulated by
acid and bile in a Barrett's esophagus
cell line

Esophageal squamous cell carcinoma PMID: 22280838

Esophageal adenocarcinoma PMID: 22264787

Barrett’s esophagus cell line exposure NA
to acid, a mixture of primary bile acids
and deoxycholic acid, respectively

smaller PPl sub-network, which we named
“compact-PPIN”.

Generation of the functional annotation map

Functional enrichment analysis of the AA
metabolism PPl network was performed using
the ClueGO & CluePedia plugin to identify the
enriched Gene Ontology (GO) “Biological
Process” term, which also creates a network of
functionally and hierarchically organized GO/
pathway terms [22]. Only the GO terms with a
P-value less than 0.001 were considered as
significant. To indicate the relationship be-
tween GO terms, a kappa score reflecting the
overlapping gene number of terms was set to
0.3 as the threshold to link the terms in the
network.

Subcellular localization of the AA metabolism
PPIN components

Information of subcellular localization for pro-
teins in the AA metabolism PPIN was obtained
from the HPRD database, which was imported
into the network as a node attribute. If some
proteins were annotated as having multiple
locations, all locations were noted, e.g. if a pro-
tein translocated from the cytoplasm into the
nucleus, these locations were merged as cyto-
plasm/nucleus. Cerebral, a Cytoscape plug-in,
was used to distribute the protein nodes in the
AA metabolism PPl network into multiple layers
according to their subcellular localization, gen-
erating a pathway-like graph [23].

Expression pattern of proteins in the AA me-
tabolism PPIN in esophageal disease

The expression profiles of three esophageal

diseases, in the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/
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geo/), were chosen to study the dynamic chang-
es of the AA metabolism PPIN, with the detailed
information shown in (Table 1). Expression
data from the GEO was analyzed by using
GEOZ2R to calculate the fold-change of proteins
in the Full-PPIN. GEO2R is an interactive web
tool that allows users to compare two or more
groups of samples in a GEO Series in order to
identify genes that are differentially expressed
across different experimental conditions [24].

Moreover, the expression relationship was also
analyzed by a custom R program to calculate
the Pearson correlation coefficient of every two
genes in the compact-PPIN. The fold-change
and expression correlation coefficient were
integrated into the compact-PPIN as the node
attribute and edge attribute, respectively, to
illustrate the dynamic changes of the AA me-
tabolism PPl network in different esophageal
diseases. The Pearson correlation coefficient
matrix was clustered by Cluster 3.0 and visual-
ized by TreeView software.

DNA mutations in AA metabolism enzyme
genes

The mutations in the DNA sequences of AA
metabolism enzyme genes in esophageal can-
cers were acquired from the cBioPortal data-
base (http://www.cbioportal.org/), which pro-
vides visualization, analysis and download of
large-scale cancer genomics data sets [25].
Currently, there are four datasets of DNA
sequences in esophageal cancer that are avail-
able, and their detailed information is shown

in Supplementary Table 1.

Gene expression and survival analyses

Esophageal carcinoma expression data (TCGA_
ESCA_exp_HiSeq-2015-02-24) was download-
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ed from TCGA (https://cancergenome.nih.gov/),
which contains the level 3 expression of 89
ESCC cases by RNA-seq. The X-tile 3.6.1 pro-
gram was applied to define the optimal cutoff
point for the expression level for AA metabo-
lism enzymes to classify ESCC patients into
high expressing and low expressing groups, fol-
lowing the Kaplan-Meier and log-rank test sur-
vival analyses by GraphPad Prismb.

Results

Construction of the PPIN involved in AA me-
tabolism

Since AA and its metabolites are well known to
play important roles in inflammation and can-
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Figure 1. Protein-protein interaction network (PPIN)
of the canonical AA metabolism pathway. A. “Full-
PPIN”, shows the interactions between known in-
teractions in the network, as well as the non-en-
zymatic proteins. B. “Core-PPIN”, shows only key
enzymes and their connecting proteins, reducing
the redundant connections. C. “Compact-PPIN”,
shows key AA metabolic enzymes linked through
only one partner protein. Key AA metabolism en-
zymes are indicated in deep green, whereas the
interacting proteins (non-enzymes and the linker)
are shown in blue.

cer, the AA metabolism pathway has received
more attention in recent years, and consists
of several key or the rate-limiting enzymes. A
detailed scheme for the canonical AA metabo-
lism pathway is provided in Supplementary

Figure 1.

In this study, the AA metabolism PPl network
was constructed along with the metabolic pro-
cesses, comprised of the AA metabolism key
enzymes with their known interacting proteins.
We refer to this AA metabolism PPl network as
the “Full-PPIN”, as it also shows the interac-
tions between non-enzymes, as well, and con-
tained 347 nodes and 2170 edges (Figure 1A).
The top three genes having the highest number
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Figure 2. Gene Ontology (GO) “Biological Process” enrichment analyses of the “Full-PPIN”. Functionally-grouped
network with terms as nodes linked based on their kappa score (=0.3). Functionally-related groups partially overlap.
Similar GO terms are labeled in the same or similar color. The four interesting functional groups are indicated. I: GO
terms related to lipid metabolism, II: Signal transduction-related; Ill: Metabolic- or catabolic-associated GO terms,
IV: Stimulus-related.

of interacting proteins were PTGES3 (91), suggests some key AA metabolism enzymes
ALOX5 (55) and PLA2G4A (36). might connect or cross-talk through at least

one partner protein.
To reduce the number of redundant connec-

tions, only key enzymes and their connecting For better illustration, the key AA metabolism
proteins were extracted to construct a more enzymes linked through only one partner pro-
direct PPl sub-network, which we refer to as tein are indicated in the smaller PPl sub-net-
the “core-PPIN” (Figure 1B). In this way, we work, referred to as the “compact-PPIN” (Figure
found key AA metabolism enzymes linked 1C), where the key AA metabolism enzymes are
with other non-enzymatic proteins, clearly indicated in deep green, while the linkers are
indicated as the pink nodes in Figure 1B. This shown in blue. Interestingly, we found that
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Table 2. Interesting significant GO terms for the SMYD3 knockdown PPI network

P-value
Significant GO list Term name corrected with
Bonferroni
Lipid metabolism-related terms
G0:0006629 Lipid metabolic process 1.06E-8
G0:0006631 Fatty acid metabolic process 2.99E-11
G0:0008610 Lipid biosynthetic process 2.18E-4
G0:0019216 Regulation of lipid metabolic process 5.81E-4
G0:0044255 Cellular lipid metabolic process 6.20E-9
Signal regulation-related terms
G0:0007167 Enzyme-linked receptor protein signaling pathway 4.75E-6
G0:0070848 Response to growth factor stimulus 1.32E-4
G0:0050790 Regulation of catalytic activity 4.67E-5
G0:00801340 Regulation of response to stress 1.10E-5
G0:00435490 Regulation of kinase activity 0.002
G0:00513380 Regulation of transferase activity 5.07E-4
G0:00305180 Intracellular steroid hormone receptor signaling pathway 4.89E-4
G0:00230560 Positive regulation of signaling 0.009
G0:00071690 Transmembrane receptor protein tyrosine kinase signaling pathway 1.84E-5
Metabolic or catabolic-associated terms
G0:00512480 Negative regulation of protein metabolic process 4.28E-5
G0:00421760 Regulation of protein catabolic process 3.55E-4
G0:00313250 Positive regulation of cellular metabolic process 9.07E-10
G0:00197520 Carboxylic acid metabolic process 9.23E-11
G0:00442570 Cellular protein catabolic process 7.64E-7
Stimulus-related terms
G0:00485450 Response to steroid hormone stimulus 1.05E-5
G0:00328700 Cellular response to hormone stimulus 2.20E-8
G0:00100330 Response to organic substance 5.24E-17
G0:00094160 Response to light stimulus 0.008
G0:00069740 Response to DNA damage stimulus 2.05E-4
G0:00714950 Cellular response to endogenous stimulus 2.99E-9

ALOX5 directly interacts with LTC4S. RELA (an
NF-kB subunit) interacts with both PLA2G4A
and ALOX5, suggesting RELA could potentially
regulate these two key enzymes to promote or
balance AA metabolism. These linker proteins
between key AA metabolism enzymes might
serve as switch proteins, determining the trend
or the orientation of AA and its metabolites by
their co-expression correlation strength.

Functional enrichment of the PPIN involved in
AA metabolism

Many proteins have multiple functions, so we
could not rule out the possibility that the AA
metabolic proteins participate in other func-
tions unrelated to AA metabolism. To examine
this possibility, GO “Biological Process” enrich-
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ment analyses of the Full-PPIN were per-
formed, resulting in 141 enriched GO terms
with 965 edges, to construct a functional
annotation map in which the nodes were no
longer proteins, but rather their enriched GO
terms, with the edges suggesting significant
overlap of enriched proteins between two GO
terms (Figure 2).

Not surprisingly, we found a group of GO terms
related to lipid metabolism, such as “lipid meta-
bolic process”, “fatty acid metabolic process”,
“lipid biosynthetic process,” and “regulation of
lipid metabolic process”. Many of the proteins
in the AA metabolism PPIN participate in signal
regulation or signal transduction. For example,
“enzyme-linked receptor protein signaling path-
way”, “response to growth factor stimulus”,

Am J Transl Res 2018;10(3):907-924
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“regulation of catalytic activity”, “regulation of
response to stress”, “regulation of kinase activ-
ity”, and “regulation of transferase activity”. A
large functional group contained several meta-
bolic or catabolic-associated GO terms, such
as “negative regulation of protein metabolic
process”, “regulation of protein catabolic pro-
cess”, and “positive regulation of cellular meta-
bolic process”. There were also significant GO
terms suggesting that AA metabolism might
be affected by various stimuli, such as

“response to steroid hormone stimulus”, “cel-
lular response to hormone stimulus”, and
“response to organic substance”. These signifi-
cant GO terms indicate AA and its metabolites
could be involved in multiple cellular functions.
Potentially interesting GO terms are listed in
Table 2.

Subcellular layers of proteins in the PPl sub-
network

Proper subcellular localization of protein is
extremely crucial because it guarantees the
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appropriate physiological context for their
functions, such as signal transduction, tran-
scription regulation, protein modification, and
complex formation. The AA metabolism Full-
PPIN was separated into 9 layers (Figure 3).
The top four subcellular locations with per-
centage were the following: membrane
(11.5%), cytoplasm (26.2%), cytoplasm/nucle-

s (29.6%), and nucleus (10.9%). These re-
sults show the proteins involved in AA metabo-
lism are distributed from extracellular sites to
intracellular sites, and into the nucleus. This
suggests that AA metabolism might be regulat-
ed by various signals from different cellular
parts. Most key enzymes were distributed
in the cytoplasm. It is interesting to find that
six enzymes (ALOX5, LTA4H, PTGS2, PTGES2,
PTGES3 and PLA2G4A) are located in the
cytoplasm/nucleus, suggesting that these key
enzymes not only catalyze the formation of AA
metabolites in the cytoplasm, but also translo-
cate into nucleus for other functions, such as
those identified by our functional enrichment
results.

Am J Transl Res 2018;10(3):907-924
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while green blocks suggest negative correlations.
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Dynamic expression pattern of the AA metabo-
lism PPIN in esophageal disease

PPI networks in living cells are not static, but
dynamically varying in different tissues, even
in different stages of the same tissue. In this
study, three GEO datasets containing four
esophageal disease stages or treatments were
obtained. We analyzed the fold-change in
expression of proteins in the AA metabolic net-
work, as well as the expression correlation
coefficient of each pair of proteins. Next, the
fold-change and correlation coefficient were
integrated into the key AA metabolic enzyme
network as node attributes and edge attri-
butes, respectively, to illustrate the dynamic
changes of the network in different types of
esophageal disease.

In the GSE9768 dataset (Donnellan C and
Hardie L, unpublished), the Barrett’s esopha-
gus cell line CP-A hTERT was treated with a
15-minute exposure to a mixture of primary
bile acids or deoxycholic acid (DAC) (all at pH
4.5). After 2 h of acid treatment, the CFTR
(cystic fibrosis transmembrane conductance
regulator) gene increased 3.29-fold, the high-
est up-regulated differential in the network,
whereas CYP2C8 (cytochrome P450 family 2
subfamily C member 8) was downregulated
3.55-fold, the most down-regulated differential
in the network (Figure 4A). Among the upregu-
lated key AA metabolic enzymes, ALOX5
increased the highest, with a 1.93-fold in-
crease, suggesting a strong to convert arachi-
donic acid to 5-HPETE to leukotrienes. After 6 h
of acid treatment, ALOX5 was decreased,
whereas CYP4F12 and CYP4A11 were signifi-
cantly increased. Other CYPs, such as CYP2-
C18, CYP2C19, CYP4F2 and CYP2D6, were
slightly upregulated, suggesting conversion of
arachidonic acid to EETs or 20-HETE (Figure
4B). Correlation analysis was performed for
each pair of key AA metabolism enzymes in
the compact-PPIN. Pearson correlation coeffi-
cients were integrated into the network based
on the expression change. The red line indi-
cates the positive correlations, while the green
line suggests a negative correlation. The lines
are thicker with higher correlation coefficients.
ALOX5AP strongly correlated with both ALOX5
and LTC4S, while ALOX5 itself also positively
correlated with LTC4S (Figure 4C, 4D). These
results suggest that the transformation from
arachidonic acid to 5-HPETE to leukotrienes is
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enhanced after treatment with primary bile
acids. The correlations are illustrated by heat-
map to provide a full view (Figure 4E). There are
at least three large blocks of significant correla-
tion in the heatmap as indicated.

The third treatment in GSE9768 was with
deoxycholic acid (DAC) for 2 and 6 h. At 2 h,
CELF2 increased the highest at 4.28-fold, with
PTGS2 (1.32 folds) and PTGDS (2.03-fold) also
increased, indicating enhanced conversion of
AA to prostaglandins (Figure 5A). At 6 h, only
CYP4A11 and CYP4F12 were increased, being
elevated by 3.3- and 3.0-fold, respectively
(Figure 5B). The expression level of LTA4H
dropped almost 25-fold (Figure 5B). In correla-
tion analyses, ALOX5P significantly correlated
with LTC4S, and ALOX5 significantly correlated
with RELA, though both of them were de-
creased after DAC treatment (Figure 5C). The
heat map shows that positive correlation and
negative correlation almost just half in ratio
(Figure 5D).

In the GSE9768 dataset, the cells were also
treated with a mixture of primary bile acids
for 2 h. PTGIS (prostaglandin I? synthase) was
upregulated the highest, changing 3.23-fold,
followed by PLA2G5 (2.88 fold-change)
(Supplementary Figure 1). PLA2G4A also
increased slightly, suggesting treatment with
primary bile acids is a useful stimulus to pro-
duce AA. Though ALOX5 was downregulated,
TBXAS1 increased 1.73-fold, suggesting throm-
boxanes would be increased (Supplementary

Figure 2).

In the GSE33426 dataset, Yan et al. microdis-
sected discrete sub-regions of esophageal
squamous cell carcinoma (ESCC) and analyzed
the transcriptomes throughout the three-
dimensional tumor space [26]. Several mRNAs
encoding proteins in the AA metabolism net-
work were upregulated, including most of
the key AA metabolism enzymes, such as
PLA2G4A, ALOX5, LTA4H, PTGS and PTGESS3.
These results indicate that all AA metabolic
pathways are activated in ESCC (Figure 6A). In
normal esophageal cells, many key enzymes
significantly correlated with the “switching pro-
tein”. For example, ALOX5 connected strongly
with ALOX5AP, RELA and PIK3R1 in non-cancer
esophageal cells. MAPK3 significantly correlat-
ed with PLA2G4A and PTGS2, whereas only
ALOX5AP negatively correlated with LTA4S

Am J Transl Res 2018;10(3):907-924
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Figure 5. Expression changes and correlations of the AA metabolism PPIN in the GSE9Q768 dataset after treatment
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h, respectively. C. Expression correlation of genes, after treatment with acid, using the 2 h treatment as the back-
ground. D. Heatmap of expression correlation after treatment with DAC. Red block indicates positive correlations,
whereas the green block suggests negative correlations.

(Figure 6B). In ESCC cells from the GSE33426
dataset, the correlation between ALOX5 with
ALOX5AP, RELA and PIK3R1 was slightly
decreased, whereas the correlation between
PIK3R1 and CYP2C9 was increased. On the
other hand, the relationships of CYP2C8 and
RNF32, and CYP2C18 and PSEN1 turned
from positive to negative (Figure 6C). The heat
map results, showing a full view of the relation-
ships in GSE33426, suggest that the negative
correlations were reduced, and positive corre-
lations increased when normal tissue was
compared to ESCC tissue, indicating the
relationship of proteins in the network are
strengthened during ESCC carcinogenesis
(Figure 6D).

916

In the GSE24931 dataset, Quante et al. com-
pared Barrett’s esophagus (BE) and esopha-
geal adenocarcinoma (EAC) tissue with normal
squamous epithelium in a mouse model [27].
The CFTR gene (cystic fibrosis transmembrane
conductance regulator) increased the most at
9.15-fold, followed by EP300 (E1A binding pro-
tein p300) at 6.03-fold. Of the key enzymes,
PLA2G4A, ALOX5 and PTGES3 were also signifi-
cantly upregulated. Interestingly, ALOX5AP, an
important activator of ALOX5, was the most
downregulated gene, at -3.83-fold (Figure 7A).
In normal tissue in GSE24931, ALOX5 positive-
ly correlated with LTC4S, with similar correla-
tions occurring between VCP and PTGES3, and
PTGS2 and CAV1 (Figure 7B). However, the cor-
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cancer tissues show a clear block pattern
(Figure 7D, 7E). In the cancer data from

GSE24931, nearly all of the negative correla-
tions were clustered in a more concentrated
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Table 3. Expression correlation pairs in the series of esophageal datasets

Survival analyses of

Significance correlation coefficient

key AA metabolism

enzymes in ESCC

Gene 1 Gene 2 GSE9_768 GSEQ768 GSE24931 GSE33426
tre;izint) trez(a?:w(;nt) (adenocarcinoma) (sngcn%ﬁ;e” Tc_)_test the clinical sig-
nificance of changes
ALOX5AP  LTA4H 0.62 0.81 0.88 0.52 in key AA metabolism
CAV1 CDC37  0.98 0.73 0.86 0.58 enzymes in ESCC,
ELAVL1 VCP 0.89 0.95 0.90 0.58 we performed survival
LTA4H NUCB1 0.96 0.89 0.99 0.56 analyses using publicly
PSEN1 RELA 0.94 0.94 0.65 0.57 available data from
PTGES VCP 0.94 0.60 0.97 0.68 TCGA. The results de-

fashion than that in normal stage. Among the
correlation analyses in the three datasets, we
found six pairs of significant correlations (cor-
relation coefficients all above 0.5) that were
consistent in different esophageal diseases
(Table 3), and involved two key enzymes, LTA4H
and PTEGES, with LTA4H significantly correlat-
ing with both ALOX5AP and NUCB1. These
results show that the expression of these
enzymes, as well as their interacting proteins,
vary throughout the progression of esophageal
disease. Among the correlation analyses in the
three dataset, we found six pairs of significant
correlations (correlation coefficients all above
0.5) were consistent in different esophageal
diseases (Table 3). It involved two key enzymes,
LTA4H and PTEGES, with LTA4H both signifi-
cantly correlating with ALOX5AP and NUCB1.

DNA mutations in AA metabolism enzyme
genes in esophageal cancers

Since many studies have indicated that, except
for expression levels, single nucleotide poly-
morphisms (SNPs) of key AA metabolism
enzymes critically influence function or risk
in esophageal cancer (summarized in Sup-
plementary Table 2) [28-31]. Four datasets
from the cBioportal database were used
to determine the mutation rates of these AA
metabolism enzymes in esophageal cancer. A
total of 562 clinical cases were subjected to
whole genome DNA sequencing. Among these
datasets, the mutation percentages for these
key enzyme genes are rather low, less than 3%
(Supplementary Figures 3, 4, 5, 6), with many
key enzymes not displaying any mutations.
These results suggest some mutations corre-
late with the risk of esophageal cancer, but
their expression level might be more crucial for
altering AA metabolism, at least based on the
current available data.
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monstrated a signifi-
cant correlation be-
tween the expression level of 8 enzymes
(ALOX5, ALOX5AP, CYP2CS8, CYP2D6, CYPAF11,
LTA4H, PLA2G4A, PTGES2) and survival time
of ESCC patients (Figure 8). ESCC patients
with lower expression of ALOX5, ALOX5AP,
CYP2C8, CYP4F11, PLA2G4A and PTGES2, or
higher LTA4H and CYP2D6 expression had
longer survival (Figure 8).

Discussion

A wide array of chronic inflammatory conditions
pre-dispose susceptible cells to neoplastic
transformation. In general, the longer the
inflammation persists, the higher the risk of
cancer. AA and its metabolites play important
role in both physiology and pathology stage of
human life. Esophageal cancer is the eighth
most common cancer and the sixth most
common cause of cancer-related death world-
wide, with an estimated 477,900 new cases
and 375,000 deaths for 2015 in China [32].
Previous researchers have analyzed the expres-
sion level of genes involved in the leukotriene
synthesis pathway in normal and pathological
tissues [33, 34]. These previous studies do not
provide a full view of their functional links and
how they interact. In this study, we have extend-
ed these analyses, by constructing a PPIN
based on key AA metabolism enzymes and inte-
grating their expression level and correlation
into a network, to show that proteins interact-
ing with many key enzymes should impact the
activities of these enzymes in AA metabolism.
For example, decreases in ALOX5AP should
impede translocation of ALOX5 from the cyto-
plasm to the cell membrane, thereby inhibiting
ALOX5 activation [35]. In the PPIN, we show
how AA metabolic enzymes might connect or
cross-talk through at least one partner protein,
which might serve as switch protein to deter-
mine the trend or the orientation of AA and its

Am J Transl Res 2018;10(3):907-924
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Figure 8. Expression level of 8 key enzymes significantly correlate with survival of ESCC patients. ESCC patients were
divided into two groups according to the expression level of these key enzymes, as optimized by the X-tile program.

metabolites. For example, ALOX5AP is also
directly linked with LTC4S. It has been reported
that ALOX5AP knockdown reduces conversion
of LTA4 to LTC4, suggesting a role in the regula-
tion of the activity of LTCAS [36]. The critical
role of NF-kB (RELA is one of its units) in inflam-
mation and cancer has been long recognized
[37], but the mechanism of how NF-kB regu-
lates AA metabolism has not been studied. In
this study, we find NF-kB interacts with both
PLA2G4A and ALOX5, which provides important
clues to analyze how NF-kB signaling regulation
AA metabolism.

Many previous biological networks have
focused on static networks, which merely
reflect the activities of cellular proteins under
one specific condition or at one time point. It
has been recognized that cellular systems are
highly responsive to environmental cues, and
the PPIN in a cell changes under different phys-
iological conditions or at different pathological
stages [38]. In this study, we constructed not
only the static PPI network for AA metabolism,
but also the dynamic network by considering
their expression profiles in different kinds of
esophageal disease. We found expression of
many key enzymes is consistently dysregulat-
ed, suggesting that AA metabolism responds to
stimulation or environmental changes, as well
as their independent role in AA metabolism for
substantial promotion in the progression of
esophageal disease. ALOX5 is upregulated in
most cases of esophageal disease in this study,
which catalyzes two steps in the biosynthesis
of leukotrienes, lipid mediators of inflammation
derived from arachidonic acid. Leukotrienes
function in normal host defense, and have roles
in many disease states where acute or chronic
inflammation is part of the pathophysiology
[39]. Changes in protein expression might
reduce or increase interactions between pro-
teins, leading to deviation from the normal
physiological state. Therefore, dynamic PPIN
construction is based on alterations in co-
expression, which reflects the dynamics chang-
es of PPls between different physiological
states. Pearson correlation coefficient is a pop-
ular correlation method to measure the coex-
pression of coding genes between each pair of
interacting proteins in expression profiles [40].
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We not only calculated the Pearson correlation
coefficients of paired interacting proteins, but
also for each pair of proteins in the network, to
illustrate the potential intrinsic correlations
for proteins involved in AA metabolism.
Interestingly, we found at least six significant
pairs of protein-protein correlations in different
esophageal diseases. Many studies have
focused on polymorphisms of ALOX5AP and
LTA4H to identify their susceptibility in various
diseases involving inflammation, such as asth-
ma, coronary artery disease, atherosclerosis
and cancers [41, 42], but their correlation of
expression has seldom been investigated. It is
reasonable to presume that when a definite
number of phospholipids are converted into AA,
the amounts of final product (leukotrienes,
prostaglandins) are not equal, and would be
determined by the expression level (fold-
change) of key enzymes, as well as its correlat-
ed strength with their interacting proteins. We
found ALOX5AP levels significantly correlate
with LTA4H, suggesting it might coordinate the
activities of both ALOX5 and LTA4H in the pro-
duction of LTA4. Niphakis et al. found the lipid-
binding protein NUCB1 (nucleobindin-1) may
facilitate the intracellular transfer of fatty acid
amides for delivery to metabolic enzymes, such
as FAAH and PTGS2 [43]. A similar mechanism
exists for the biosynthesis of leukotrienes,
where the non-enzymatic ALOX5AP facilitates
transfer of AA to ALOX5. A significant correla-
tion between LTA4H and NUCB1 is uniquely
identified in this study, suggesting NUCB1 could
positively regulate LTA4H in the biosynthesis of
LTA4 [43]. Such dynamic a change in AA metab-
olism in esophageal disease suggests an intri-
cate control mechanism to allow the timing
and amplitude of AA metabolism, responding
to be fine-tuned and kept within an appropriate
range.

The expression level of 8 key enzymes (ALOX5,
ALOX5AP, CYP2CS8, CYP4F11, LTA4H, PLA2G4A,
CYP2D6, PTGES2) correlates with the survival
of ESCC patients. Patients with lower expres-
sion of ALOX5, ALOX5AP, CYP2CS8, CYP4F11,
PLA2G4A and PTGES2, and patients with high-
er LTA4AH and CYP2D6 expression have longer
survival. Inhibitors of these enzymes are cur-
rently being tested for treatment of diseases
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involving AA metabolism. Kim et al. found that
inhibition of PLA2G4A by AVX235 results in
decreased vascularization and perfusion, and
subsequent inhibition of tumor growth, sug-
gesting PLA2G4A inhibition may be a potential
new therapeutic option for triple-negative,
basal-like breast cancer [44]. Nimesulide, a
PTGES2 inhibitor, can suppress ESCC cell
growth and promote apoptosis, accompanied
by a decrease in PGE2 production. The selec-
tive ALOX5 inhibitor AA861 has a similar effect
and down-regulates LTB4, further indicating
that the ALOX5 pathway is also related to
ESCC, and may be another promising the-
rapeutic target [45]. Some small molecules
could inhibit more than one target in the AA
metabolism network. Derivatives of 3-aryl iso-
coumarin inhibit ALOX5 in vitro and PGE2 pro-
duction in Hela cells [46]. The inhibitor BRP-
187 prevents ALOX5/ALOX5AP interaction at
the nuclear envelope of human leukocytes to
inhibit ALOX5 product formation. In vivo, BRP-
187 exhibits significant effectiveness in zymo-
san-induced murine peritonitis, suppressing
leukotriene levels in peritoneal exudates, as
well as vascular permeability and neutrophil
infiltration [47]. These results indicate that the
key enzymes might be promising targets in the
treatment of various of diseases, from inflam-
mation to cancer. In summary, we constructed
an AA metabolism PPI network to explore relat-
ed enzyme expression patterns in esophageal
diseases, indicating their dynamic changes.
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