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Introduction

Abstract

Anillin (ANLN) is an actin binding protein, which was originally
extracted from Drosophila melanogaster embryos. As a key regula-
tory factor in cytokinesis, ANLN is highly expressed in various tu-
mors, leading to abnormal cell division and promoting the prolifera-
tion, migration, and invasion of cancer cells. At present, the role and
regulatory mechanism of ANLN in human Esophageal Squamous
Cell Carcinoma (ESCC) are not fully understood. The purpose of this
study is to construct a Protein-Protein Interaction Network (PPIN)
to reveal the characteristics of ANLN and its interacting proteins,
by the integration of their expression in ESCC. The differentially
expressed ANLN and its interacting proteins in ESCC were identi-
fied from our previous RNA-seq data. By constructing a specific PPI
network, it was found that many differentially expressed genes/
proteins may interact with ANLN. Multiple enrichment pathways
of ANLN and its differentially expressed genes were explained by
functional enrichment analysis, Gene Ontology (GO) analysis and
KEGG pathway analysis. In addition, it is revealed that ANLN, ECT2,
ACADM and PPP1R9A play an important role in the occurrence and
development of ESCC, and they are proposed as new prognostic
factors for ESCC. These bioinformatics analyses provide a compre-
hensive perspective for the role of ANLN in ESCC.

Keywords: ANLN and its interacting proteins; Differential ex-
pression; Protein-protein interaction network; Esophageal squa-
mous cell carcinoma

In the human genome, ANLN is located on the human chro-
mosome 7pl14.2 and can encode 1124 amino acids with a
theoretical molecular weight of 124 kDa [1]. ANLN is a scaffold
protein with several unique domains. Its N-terminal contains
several domains that bind to the contractile ring proteins, and
its C-terminal contains RBD, C2 and PH domains that bind to
plasma membrane [2]. ANLN is an actin binding protein, which
was originally extracted from the embryos of Drosophila me-
lanogaster [3]. ANLN plays a role in cell growth, migration and
cytokinesis [4]. As a highly conserved protein, ANLN can reg-
ulate the process of cell division by interacting with different
proteins such as F-actin, myosin Il and septins [5]. During cyto-
kinesis, ANLN is concentrated in the contractile ring to provide
contractile force and mediate the separation of daughter cells
[6]. ANLN improves contraction efficiency by directly binding to
phosphorylated myosin, or by coordinating the effective inter-
action between F-actin and Non-muscle Myosin Il (NM 1) [7,8].
ANLN combines with septins, an important regulator of cell divi-
sion and mechanical transduction, to regulate cell proliferation,

differentiation and migration [9,10]. Several studies have found
that ANLN plays a crucial role in promoting tumor cell prolifera-
tion, and its absence can inhibit tumor cell division [11,12]. In
addition, the promoting effect of ANLN on the growth of gas-
tric cancer cells in vivo has been confirmed by mouse models
[13]. The high expression level of ANLN in breast cancer cells
is related to the poor prognosis of patients with breast cancer
[14]. ANLN is related to T lymphocyte infiltration in pancreatic
cancer and has certain potential value in immunotherapy [15].
ANLN enhances the metastasis of lung adenocarcinoma by pro-
moting epithelial-mesenchymal transformation [16]. Targeting
USP10-ANLN axis can effectively inhibit the progression of cell
cycle in ESCC [17]. Overall, the high expression of ANLN leads
to abnormal cell division, thereby promoting the proliferation,
migration, and invasion of cancer cells [18-23].

ESCC is a common malignant tumor of digestive system with
a high morbidity and mortality. According to the global cancer
statistics in 2020, the incidence of ESCC ranks seventh and its
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mortality ranks sixth among all malignant tumors [24]. ESCC is
the most common subtype of esophageal cancer worldwide,
with a high prevalence in East, East and South Africa and south-
ern Europe [25], and its five-year survival rate is 15% - 25% [24],
which is a serious threat to human health [26]. China is a coun-
try with a high incidence of ESCC, accounting for more than half
of the world's morbidity and deaths [27]. ESCC is the fourth
leading cause of death of malignant tumors in China, leading
375,000 patients die of ESCC[28]. With the continuous accumu-
lation of biological knowledge and various omics data, protein-
protein interaction data are becoming more and more abun-
dant, which makes it possible for them to be used to construct
gene regulatory networks for tumors and other diseases. PPI
network can provide a powerful working platform for revealing
the pathogenesis of complex diseases and drug development
[29-32]. In this study, we collected the interaction proteins of
human ANLN, constructed a PPl network containing differen-
tially expressed ANLN interacting proteins in ESCC, and analyzed
its clinical significance. These data contribute to reveal the role
of ANLN in ESCC cells and provide an important molecular basis
for studying the regulatory mechanism of ANLN in ESCC.

Materials and Methods
Expression of ANLN and its Interacting Proteins in ESCC

The gene set of ANLN and its interacting proteins was collect-
ed from NCBI (https://www.ncbi.nlm.nih.gov/), HPRD (http://
www.hprd.org/) (Release 9) and BioGRID (http://thebiogrid.
org/) (Release 4.4.209). In our previous high-throughput RNA-
seq data, we have screened the expression trend of ANLN and
its interacting proteins in ESCC from 15 pairs of ESCC clinical
samples using the same stringent criteria. (Foldchange >2 or
<0.5, FDR value < 0.05) [33]. The differentially expressed genes/
proteins which interacts with ANLN are used to the construc-
tion of PPl networks.

Construction of the ANLN PPl Network

The up to date human protein-protein interaction data sets
were downloaded and collated from HPRD (http://www.hprd.
org/) (Release 9) and BioGRID (http://thebiogrid.org/) (Release
4.4.209) respectively. These two data sets contain low-through-
put and high-throughput experimental results collected from
public references [34,35]. Based on the above data, a complete
human protein-protein interaction network was constructed by
Cytoscape software, and the duplicated edges and self-loops in
the network were deleted through the "Network Modification"
menu to avoid chaos in the calculation of topology parameters
of the PPI subnetwork [36,37]. This newly generated network
contains 21,678 unique proteins and 790,776 pairs of interac-
tions, which was considered as parent PPI networks. It is well
known that up-regulated and down-regulated genes or pro-
teins play an important role in tumorigenesis [38]. In order to
highlight their importance, according to the steps we described
earlier, ANLN and its interacting proteins with differential ex-
pression in ESCC are generated by Cytoscape software to gen-
erate specific PPIN [39]. Firstly, the ANLN related dysregulated
GENE IDs (official gene symbol) were listed in a text file and
mapped to the parental PPl network imported into Cytoscape
by the menu of "Select->Nodes—>From ID List File". Secondly,
the first level interactions between ANLN and their neighbor
were detected by menus of "Select—>Nodes—>First Neighbors of
Selected Nodes" and "New—>Network—->From Selected Nodes,
All Edges" to obtain the ANLN PPI network.

Topology Analysis of ANLN PPINs

The Network Analyzer plugin in Cytoscape software was
used to analyze the topology parameters of ANLN PPI network,
and several topology metrics were calculated, such as cluster-
ing coefficient, degree distributions, neighborhood connectiv-
ity, topological coefficient and so on, to deeply reveal the or-
ganization and structure of complex networks [40]. The node
degree to the number of edges associated with the node, or
the number of connections, and the node here refers to the
protein. Obviously, the more protein nodes in the network, the
greater the degree of the node, and the power distribution of
the node is the most significance. The network topology feature
analysis method and its important parameters were described
in our previous work [39]. The degree distribution of the net-
work satisfies the following relation, P(K)=n(K)/N, that is, the
ratio of all nodes with k to the total number of nodes in the
network. If there are n nodes in a network and the value of n
(K) nodes is K, then P(K)=n(K)/N. The degree distribution is the
whole distribution of P(K). Network Analyzer can also draw the
power distribution curve y=B-x* and calculate the R? value of
the fitting degree of the reaction power distribution curve. The
closer the R? value is to 1, the higher the curve fitting degree is.
In addition, Network Analyzer can also calculate several other
important topology parameters at the same time, including the
shortest path length, compactness center and so on.

Subcellular Layer of ANLN PPIN

The subcellular localization information of each protein in
the ANLN PPI network were downloaded from the HPRD da-
tabase, and then imported them into the network as the at-
tributes of the nodes. With the cerebral plugin in Cytoscape,
nodes were rematched to different subcellular locations, which
did not change the interaction between nodes [41].

Functional Enrichment Analysis of Differentially Expressed
Genes Related to ANLN

In order to further understand the functional relationship be-
tween ANLN and its interacting proteins, the functional annota-
tion map module in Bioinformatics Database (DAVID) (https://
david.ncifcrf.gov/) was used to analyze and annotate the genes
related to the up-regulated or down-regulated expression of
ANLN in ESCC. The results with statistical significance (P<0.001,
FDR<0.05) were screened and visualized by Enrich map plugin
in Cytoscape. Functional classification includes Gene Ontology
(GO), INTERPRO, KEGG, SMART and other annotation catego-
ries [42].

GO Enrichment Analysis

GO Tree is an important part of WebGestalt (web-based
gene set analysis toolkit) [43,44]. It uses GO Directed Acyclic
Graph (DAG) to construct and visualize gene sets, including
extensible trees, bar graphs of selected annotation layers and
enriched DAGs. Among them, DAG is the most intuitive form of
GO enrichment analysis, which mainly reflects the hierarchical
relationship between the superior and subordinate of GO terms
and the degree of enrichment, and it is used to visualize GO
categories with a rich number of genes identified by statistical
modules. The darker the color in the graph, the more significant
the richness, while colorless means that the richness is not sig-
nificant. In addition, the histogram can also be used to count
the enrichment results.
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KEGG Pathway Enrichment Analysis

One of the most crucial tasks in biological research is to de-
termine the molecular pathway in which proteins are involved.
WebGestalt can display the name of each KEGG pathway associ-
ated with the gene set studied, all genes involved in the path-
way, and the corresponding Entrez ID [43,45]. In addition, the
KEGG table not only provides a P value that reflects the impor-
tance of each pathway, but also links to the KEGG map, where
the genes in the gene set are marked in red.

Survival Analysis of ANLN-Related Differentially Expressed
Genes in ESCC

The expression data (GSE53625) was downloaded from the
GEO database, which contains 179 pair’s samples of ESCC. Those
cases with survival of <3 months were excluded, leaving only
175 cases of ESCC. According to the differential gene expression
level, the best segmentation point was found by X-Tile (verison
3.6.1) software, and the ESCC patients were divided into high
expression group and low expression group. Kaplan-Meier and
Log-rank tests were used to analyze the survival of the patients,
and draw the survival curve by GraphPad Prism 5 [46,47].

Results

The Differential Expression of ANLN and its Interacting Pro-
teins in ESCC

In our previous study, we performed high-throughput RNA
sequencing (RNA-seq) in 15 pairs of ESCC clinical samples to tar-
get the key function IncRNAs that regulates expression of down-
stream protein-coding genes in ESCC [33]. In order to detect
the expression pattern of ANLN and its interacting proteins in
ESCC, we analyzed their expression level in RNA-seq data with
the fold change >2 or <0.5 (FDR<0.05). In this data, there are
192 differentially expressed genes, of which 155 genes were up-
regulated, fold change ranging from 2.01 to 12.1, and 37 genes
were down-regulated, fold change ranging from 0.043 to 0.493
(Figure 1).
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Figure 1: Significant dysregulated ANLN and its interacting pro-
teins in ESCC. These genes were identified from previous RNA-seq
data, with red indicating the up-regulated and green indicating the
down-regulated. (A) Ten up-regulated ANLN and its related genes
in ESCC. (B) Ten down-regulated ANLN-related genes in ESCC.

The Construction of ANLN PPIN

In order to understand the biological function and signifi-
cance of ANLN, we constructed a panoramic picture of the cel-
lular biological activity of ANLN and screened its interacting
proteins to reveal their role in ESCC. A total of 192 differentially
expressed ANLN-related genes are mapped to parent interac-
tion networks as key hub nodes to form a sub-network contain-
ing all their interactions. It consists of 1,079 nodes and 40,162
edges and is called a differential ANLN interacting network (Fig-
ure 2A). To facilitate a clearer understanding of the network,
we created another concise network of 192 aberrant genes and
excluded the interaction between the other proteins, leaving
only their direct interaction with ANLN (Figure 2B). The results
show that hundreds of other proteins are linked together, and
these proteins can directly or indirectly form protein complexes
with different functions with ANLN. As a result, the biological
consequences may be affected by their differential expression.

Figure 2: Two different ANLN interaction networks. (A) The differ-
entially expressed ANLN PPIN with 155 up-regulated genes and 37
down-regulated genes as the central node, including the interac-
tion between proteins. (B) Compared with A, it looks clearer and
more concise. It is a more concise PPl sub network directly con-
structed by ANLN and its interacting proteins. Red indicates up-
regulation and green means down-regulation.
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Figure 3: The main topological properties of differentially ex-
pressed ANLN PPIN. (A) Degree distribution of the ANLN PPIN. (B)
Shortest path length of the ANLN PPIN. (C) Neighbor connectivity
of the ANLN PPIN. (D) Closeness centrality of the ANLN PPIN.

Topological Properties of ANLN PPl Network

Different types of networks have different topological char-
acteristics. Protein-protein interaction network is a kind of bio-
logical network, and its node degree power distribution is one
of the most important characteristics [48,49]. As shown in Fig-
ure. 3A, the node degree distribution of the network obeys the
power distribution, and the heavy-tailed form is y=74.816x°71¢
and R?=0.654. In many other co-expressed protein-protein in-
teraction networks, R?is also higher than 0.6 [50,51]. We also
tried to analyze the shortest path length of ANLN PPIN (Figure
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Figure 4: Subcellular layers of ANLN PPINs in ESCC. (A) Subcellular
localization distribution of the differential ANLN PPIN. (B) Subcel-
lular localization distribution of the concise ANLN PPIN.
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Figure 5: Visualization of functional categories of the differential
ANLN PPIN.

3B). The results show that the shortest path length between the
two proteins in the network is mainly concentrated in 2, indicat-
ing that ANLN interacting protein network is closely related to
each other. It also shows that these proteins are directly or in-
directly associated with another protein. The key protein nodes
are closely linked, and the network composed of them is more
stable [52]. As shown in Figure 3C, the domain connectivity of
ANLN PPIN, that is, the average connectivity between adjacent
proteins approximately shows a slow linear downward trend.
This shows that there are not many highly connected proteins
associated with ANLN in the network, and they happen to be
the key proteins in the network.

Compact centrality measures the distance between the
node and other nodes in the network. If the shortest distance
between the node and other nodes on the way is very small,
then the tight centrality of the node is high. This is also related
to the length of the shortest path between nodes (Figure 3D).
These curves show that there is a close relationship between
several proteins.

e = seoss@iem 3

Figure 6: GO enrichment analysis of ANLN network in ESCC. (A)
The bar chart for GO enrichment analysis. Different colors
represent different GO categories. (B) DAG for GO enrichment
analysis. The darker the blue, the higher the enrichment ratio.

Subcellular Layer Analysis of ANLN PPIN

Subcellular localization can locate a protein in a specific lo-
cation in the cell, and mature proteins can play a stable bio-
logical function in specific subcellular organelles [53,54]. In PPI
network, nodes can be distributed through cerebral plugin,
and the interaction between nodes will not change due to the
change of their subcellular position. ANLN PPIN is divided into
10 levels according to percentage: secreted (1.11%), membrane
(10.57%), membrane/nucleus (0.28%), cytoskeleton (1.11%),
cytoskeleton/cytoplasm (0.37%), cytoplasm (20.39%), secret-
ed/nucleus (0.19%), cytoskeleton/nucleus (1.11%), cytoplasm/
nucleus (27.15%), nucleus (17.33%) and uncertainty (20.57%)
(Figure 4A). These results not only indicate that some ANLN-
related proteins interact with them on multiple subcellular or-
ganelle, but also show that ANLN PPl networks can transmit in-
tracellular signals or complexes from outside to inside through
other specific pathways, and finally achieve the direct distribu-
tion of nuclear ANLN-related differentially expressed proteins.
The protein-protein interaction network also clearly reflects
their subcellular localization, as shown in Figure 4B.

Functional Enrichment Analysis of ANLN differentially Ex-
pressed Protein Network

In order to further understand the potential function and
significance of ANLN and its related differential proteins, the
ANLN differential protein network was annotated through Da-
vid bioinformatics database, and then visualized using the En-
richment Map plugin in Cytoscape. According to the classifica-
tion of functional tagging terms, the ANLN differential protein
networks in ESCC were divided into several categories, such as
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Figure 7: The volcanic map of enrichment of KEGG pathway in
ANLN PPI network.
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Figure 8: The relationship between expression level of ANLN and its
related differentially genes and survival rate in patients with ESCC.
GO, INTERPRO, KEGG, SMART and so on. As shown in Figure. 5,
each node has a dedicated comment that describes its function-
al characteristics. Different types of categories are represented
by different colors. The overlap coefficient between these cat-
egories (the overlap coefficient cutoff value 0.9) is defined as
the width of the edge, and the more genes are shared between
the two nodes, the wider the edge is.

GO Analysis of ANLN Network

WebGestalt, a functional enrichment analysis web tool, was
be used for GO enrichment analysis of ANLN network. Com-
pared with the GO annotation, we can find many known func-
tions of ANLN and its interacting proteins as well as unexplored
functions (Supplementary Table 1). The biological process is
represented by the red bar chart, the cellular composition is
represented by the green bar chart, and the molecular function
is represented by the blue bar chart, respectively. The longer
the bar, the closer the function is to the ANLN (Figure 6A). As
shown in Figure. 6B, ANLN was indirectly involved in the bio-
logical processes of actin filament organization (GO: 0007015),
regulation of actin filament-based process (GO: 0032970),
regulation of cytoskeleton organization (GO: 0051493), actin
filament-based movement (GO: 0030048). At the molecular
functional, ANLN was associated with cell adhesion molecule
binding (GO: 0050839) and actin binding (GO: 0003779). In the
category of cell composition, we found that ANLN was close-
ly connected with these functions, such as actin cytoskeleton
(GO: 0015629), midbody (GO: 0030496), cell division site (GO:
0032153), cytoplasmic region (GO: 0099568).

KEGG Pathway Enrichment Analysis

ANLN and its interacting proteins are enriched to the associ-
ated signaling pathways on KEGG pathway. There are 41 path-
ways had been enriched in this study (Figure 7, Supplementary
Table 2). More than 40 ANLN related genes are involved in
these pathways, including ribosome (hsa03010), spliceosome
(hsa03040), and regulation of actin cytoskeleton (hsa04810),
endocytosis (hsa04144). It is suggested that the protein ANLN
interaction network is closely related to these pathways.

ANLN and its Interacting Proteins Correlate with the Sur-
vival of ESCC Patients

In order to verify the clinical significance of ANLN and its in-
teracting proteins in ESCC, we used GSE53625 expression pro-
file data for survival analysis. After optimized typing by X-Tile
software, a total of 4 ANLN and its related differential expres-
sion genes were considered to be significantly correlated with
the survival time of patients with ESCC (Figure 8). The survival
rate of patients with the high expression of genes (ACADM,
ANLN, ECT2 and PPP1R9A) were generally worse than that of
patients with the low expression one.

Discussion

ESCC is a common malignant tumor of digestive tract. Ac-
cording to the global cancer statistics in 2020, the morbidity and
mortality of ESCC are among the top ten among all malignant
tumors. There are two common histological types of esopha-
geal cancer, Esophageal Adenocarcinoma (EAC) and Esophageal
Squamous Cell Carcinoma (ESCC). EAC is the main subtype of
esophageal cancer in Europe and the United States and other
western society. Since 1984, the incidence of EAC in developed
countries has gradually increased [55]. The prevalence of ESCC
is high in East, East and South Africa and Southern Europe [25].
China is in a high-risk area of ESCC, and it is a country with a
high incidence of ESCC, with more than half of the annual mor-
bidity and deaths in the world [24,27]. Due to the difficulty
of early diagnosis, most patients with ESCC are in the middle
and late stage of the disease at the time of diagnosis, which is
the main reason for their low overall 5-year survival rate [56].
In order to improve the survival of patients with ESCC, it is an
urgent problem to find biomarkers and treatment targets for
diagnosis and prognosis. Proteins interact with each other to
form macromolecular structures and enzyme complexes, which
are critical for cell survival and growth. The imbalance of pro-
tein-protein interaction leads to cellular functional defects and
various diseases [57]. Therefore, PPl networks can provide new
insights into the molecular mechanisms of specific genes/pro-
teins or diseases [58,59]. A large number of studies have shown
that comprehensive analysis of gene expression and PPIN can
provide in-depth insights into the molecular mechanisms of dis-
eases or specific genes[60,61]. This provides research direction
for the discovery of molecular markers for cancer diagnosis, and
provides a theoretical basis for revealing the pathogenesis of
cancer and drug development.

We constructed a specific protein-protein interaction net-
work using 192 differentially expressed ANLN interacting pro-
teins, indicating that the interaction between ANLN and these
proteins can widely affect cell activity. The analysis of the topo-
logical characteristics of the ANLN network shows that the node
degree of PPl network obeys power distribution, which shows
that it has the characteristics of small world and scale-free bio-
logical network, and it is more robust than random network in
function, which is convenient to understand the organization
and structure of ANLN network.

Functional enrichment analysis is to classify ANLN-related
differential proteins according to the existing tagging terms
in the data, so as to determine the correlation between them
[62]. There are 28 comments directly related to ANLN, such
as "mitotic cytokinesis", "actin binding", "actin cytoskeleton",
"actomyosin contractile ring", "and Cell cycle" and so on. This
indicates that ANLN plays an indispensable role in the cytoskel-

eton [10]. The location of ANLN changes during the cell cycle.
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ANLN is located in the nucleus during interphase, and in the
contractile ring during cytokinesis [63]. In the whole process of
mitosis, ANLN connects actin with the SEPT7. In the metaphase,
these two proteins are co-located in cortical spots, while in the
anaphase and telophase, they are co-located in the cleavage
furrow. In the absence of actin polymerization, although ANLN
interacts with SEPT7, they cannot accumulate in the equato-
rial cortex. In undifferentiated podocyte lines, ANLN interacts
with endogenous cytoskeletal protein CD2AP on the plasma
membrane, suggesting that this interaction may be an impor-
tant actin regulatory component in the mechanism of podocyte
movement [1]. Magnusson and Zeng et al confirmed that silenc-
ing ANLN in breast cancer and bladder urothelial cancer cells
induces G2/M phase arrest of cells [14,22]. Therefore, ANLN is
expected to become a prognostic marker of tumor and provide
new ideas for the formulation of tumor prevention and treat-
ment strategies.

The prognostic significance of ANLN and its binding partners
in ESCC has not been systematically revealed. Here, we reported
that the abnormal expression levels of 4 ANLN interacting pro-
teins (ANLN, ECT2, ACADM, PPP1R9A) were related to the sur-
vival rate of ESCC patients. The high expression of ANLN causes
abnormal cell division, lead to tumor occurrence, and play an
important role in the process of tumor cell proliferation, migra-
tion and invasion. In addition to gastric cancer, breast cancer,
pancreatic cancer and lung adenocarcinoma, the expression of
ANLN in nasopharyngeal carcinoma is increased, and its gene
expression level is regulated by tumor suppressor miRNA-497.
After knockout ANLN, the ability of cell proliferation and mi-
gration decreased and apoptosis increased in nasopharyngeal
carcinoma [64]. In oral cancer, reducing the expression of ANLN
can promote apoptosis and inhibit the proliferation, invasion
and migration of cancer cells through PI3K/mTOR signal path-
way [65]. ECT2 regulates the expression of vascular endothelial
growth factor and MMP9 through RhoA-ERK signaling pathway,
thus promoting cell proliferation, invasion, migration and tumor
development [66]. ACADM can promote the EMT process of
breast cancer cells and improve the migration and invasion abil-
ity of breast cancer cells [67]. Based on the interaction between
ANLN and ECT2, ACADM, PPP1R9A, etc., ANLN is expected to
become a new prognostic target for ESCC and provide a new
theoretical basis for the prevention and the treatment of ESCC.

In summary, the combination of ANLN PPI network with their
expression data in ESCC and feature-rich annotations provide a
theoretical basis and new research ideas for future exploration
of the function and mechanism of ANLN in ESCC, and its poten-
tial role in prevention and treatment strategies development of
biomarkers and targeted therapeutic drugs for ESCC.
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