
Citation: Wasik, A.;

Ratajczak-Wielgomas, K.; Badzinski,

A.; Dziegiel, P.; Podhorska-Okolow,

M. The Role of Periostin in

Angiogenesis and

Lymphangiogenesis in Tumors.

Cancers 2022, 14, 4225. https://

doi.org/10.3390/cancers14174225

Academic Editor: David Wong

Received: 20 July 2022

Accepted: 29 August 2022

Published: 30 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Review

The Role of Periostin in Angiogenesis and Lymphangiogenesis
in Tumors
Adrian Wasik 1 , Katarzyna Ratajczak-Wielgomas 1,* , Arkadiusz Badzinski 2, Piotr Dziegiel 1,3

and Marzenna Podhorska-Okolow 3,4

1 Division of Histology and Embryology, Department of Human Morphology and Embryology,
Wroclaw Medical University, 50-368 Wroclaw, Poland

2 Silesian Nanomicroscopy Center, Silesia LabMed: Research and Implementation Center, Medical University
of Silesia, 41-800 Zabrze, Poland

3 Department of Human Biology, Wroclaw University of Health and Sport Sciences, 51-612 Wroclaw, Poland
4 Department of Ultrastructural Research, Wroclaw Medical University, 50-368 Wroclaw, Poland
* Correspondence: katarzyna.ratajczak-wielgomas@umw.edu.pl

Simple Summary: Cancers are common diseases that affect people of all ages worldwide. For this
reason, continuous attempts are being made to improve current therapeutic options. The formation
of metastases significantly decreases patient survival. Therefore, understanding the mechanisms that
are involved in this process seems to be crucial for effective cancer therapy. Cancer dissemination
occurs mainly through blood and lymphatic vessels. As a result, many scientists have conducted a
number of studies on the formation of new vessels. Many studies have shown that proangiogenic
factors and the extracellular matrix protein, i.e., periostin, may be important in tumor angio- and
lymphangiogenesis, thus contributing to metastasis formation and worsening of the prognosis.

Abstract: Periostin (POSTN) is a protein that is part of the extracellular matrix (ECM) and which
significantly affects the control of intracellular signaling pathways (PI3K-AKT, FAK) through binding
integrin receptors (αvβ3, αvβ5, α6β4). In addition, increased POSTN expression enhances the
expression of VEGF family growth factors and promotes Erk phosphorylation. As a result, this
glycoprotein controls the Erk/VEGF pathway. Therefore, it plays a crucial role in the formation of
new blood and lymphatic vessels, which may be significant in the process of metastasis. Moreover,
POSTN is involved in the proliferation, progression, migration and epithelial-mesenchymal transition
(EMT) of tumor cells. Its increased expression has been detected in many cancers, including breast
cancer, ovarian cancer, non-small cell lung carcinoma and glioblastoma. Many studies have shown
that this protein may be an independent prognostic and predictive factor in many cancers, which
may influence the choice of optimal therapy.

Keywords: periostin; angiogenesis; lymphangiogenesis; vessels; metastases; epithelial-mesenchymal
transition

1. Introduction

Cancer diseases are one of the most important causes of premature deaths world-
wide. According to the WHO, approximately 10 million people died due to cancer in
2020 [1] (Figure 1). The prognosis in many cancers is unfavorable. Therefore, the search
for prognostic and predictive markers and related new therapeutic options is so crucial.
In a negative prognosis, the process of new blood vessel formation (angiogenesis), which
clearly determines tumor cell metastasis, is of crucial importance [2,3].

Cancers 2022, 14, 4225. https://doi.org/10.3390/cancers14174225 https://www.mdpi.com/journal/cancers

https://doi.org/10.3390/cancers14174225
https://doi.org/10.3390/cancers14174225
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0001-7626-1547
https://orcid.org/0000-0001-6175-2204
https://doi.org/10.3390/cancers14174225
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers14174225?type=check_update&version=2


Cancers 2022, 14, 4225 2 of 21

Cancers 2022, 14, 4225 2 of 22 
 

 

 
Figure 1. Estimated number of deaths due to all cancers worldwide. Both sexes, all ages. WHO data 
(2020), URL address [4], modified. 

Angiogenesis is a multistep process involving the formation of new blood vessels from 
the pre-existing ones [5,6]. It involves the elongation and branching of vessels in response 
to stimulation by proangiogenic factors [7]. Angiogenesis occurs physiologically and 
pathologically (e.g., in neoplastic disease). Based on many in vitro and in vivo studies, 
scientists have identified factors involved in the neovascularization process and its 
consecutive stages [2,8], which include activation of endothelial cells (EC), dilation of parent 
vessel wall, degradation of the basement membrane and the extracellular matrix (ECM). 
This is followed by EC migration towards angiogenesis stimulators and their proliferation. 
The next stage is related to the formation of the lumen of a new vessel and its maturation.  

The stimulation of angiogenesis may be initiated by both physical (intensive muscle 
work [9]), and chemical factors (e.g., integrins, prostaglandins, growth factors [10]). By 
binding to the receptors (VEGFR, FGFR) located on the surface of ECs, the vascular 
endothelial growth factor (VEGF) and the fibroblast growth factor (FGF) play an 
important role in the first stage of angiogenesis by initiating this process [8]. Next, 
proteolytic enzymes (metalloproteinases; MMPs) are activated. They are responsible for 
the degradation of the basement membrane and ECM, which releases proangiogenic 
factors in the stroma and allows EC migration [11]. Moreover, integrins (αvβ3, α2v) 
located on the surface of ECs interact with specific ECM components (i.e., fibronectin, 
laminin), which also facilitates their migration [12]. The penultimate stage involves EC 
proliferation, vessel lumen formation and capillary loop formation [11]. This is completed 
by maturation of ECs and stabilization of the vessel by the formation of the basement 
membrane and recruitment of adventitial cells [2]. 

Lymphangiogenesis, which is a similar process to the one described above, plays an 
important role in cancer development. However, it is related to the lymphatic system. It 
consists in the growth of lymphatic vessels from the already existing ones [13]. It can be 
observed during wound healing, in inflammatory processes or in neoplastic disease. The 
development of a new vessel is complex and, as in the case of angiogenesis, consists of the 
same consecutive stages, all of which are strictly regulated by growth factors and selected 
proteins.  

Figure 1. Estimated number of deaths due to all cancers worldwide. Both sexes, all ages. WHO data
(2020), URL address [4], modified.

Angiogenesis is a multistep process involving the formation of new blood vessels
from the pre-existing ones [5,6]. It involves the elongation and branching of vessels in
response to stimulation by proangiogenic factors [7]. Angiogenesis occurs physiologically
and pathologically (e.g., in neoplastic disease). Based on many in vitro and in vivo studies,
scientists have identified factors involved in the neovascularization process and its con-
secutive stages [2,8], which include activation of endothelial cells (EC), dilation of parent
vessel wall, degradation of the basement membrane and the extracellular matrix (ECM).
This is followed by EC migration towards angiogenesis stimulators and their proliferation.
The next stage is related to the formation of the lumen of a new vessel and its maturation.

The stimulation of angiogenesis may be initiated by both physical (intensive muscle
work [9]), and chemical factors (e.g., integrins, prostaglandins, growth factors [10]). By
binding to the receptors (VEGFR, FGFR) located on the surface of ECs, the vascular endothe-
lial growth factor (VEGF) and the fibroblast growth factor (FGF) play an important role
in the first stage of angiogenesis by initiating this process [8]. Next, proteolytic enzymes
(metalloproteinases; MMPs) are activated. They are responsible for the degradation of the
basement membrane and ECM, which releases proangiogenic factors in the stroma and
allows EC migration [11]. Moreover, integrins (αvβ3, α2v) located on the surface of ECs in-
teract with specific ECM components (i.e., fibronectin, laminin), which also facilitates their
migration [12]. The penultimate stage involves EC proliferation, vessel lumen formation
and capillary loop formation [11]. This is completed by maturation of ECs and stabilization
of the vessel by the formation of the basement membrane and recruitment of adventitial
cells [2].

Lymphangiogenesis, which is a similar process to the one described above, plays an
important role in cancer development. However, it is related to the lymphatic system.
It consists in the growth of lymphatic vessels from the already existing ones [13]. It can
be observed during wound healing, in inflammatory processes or in neoplastic disease.
The development of a new vessel is complex and, as in the case of angiogenesis, consists
of the same consecutive stages, all of which are strictly regulated by growth factors and
selected proteins.

Proangiogenic factors are divided into non-specific (e.g., EGF, FGF, PDGF) and specific
factors (e.g., VEGF) [14]. Among the latter ones, there are three families of proteins, i.e.,
VEGF, ephrins and angiopoietins with their receptors. Ephrins with angiopoietin are mainly
responsible for vascular maturation, whereas the VEGF family initiates angiogenesis [14].
The most important factors stimulating the processes of angio- and lymphangiogenesis
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include the vascular endothelial growth factor family. It consists of six structurally related
proteins (VEGF-A, -B, -C, -D, PIGF, and VEGF-E) that regulate the growth and differ-
entiation of many components of the vascular system, especially blood and lymphatic
vessels [15]. The best-known proangiogenic factor is VEGF-A (formerly known as a “vascu-
lar permeability factor” [16]), whose gene is located on chromosome 6 (6p21.3) [17,18]. It is
synthesized by many types of normal cells (ECs, vascular smooth muscle cells, monocytes,
macrophages, mast cells, fibroblasts, keratinocytes, T lymphocytes, eosinophils) and by
cancer cells and cancer-associated fibroblasts (CAFs) [19]. VEGF-A is responsible for in-
creased permeability and vasodilatation by stimulating ECs to increased nitric oxide (NO)
secretion [20]. This factor also stimulates proteolytic enzymes, thus having a significant
effect on vascular remodeling. By binding to VEGFR-1 and -2 receptors with tyrosine
kinase activity, VEGF-A stimulates ECs to proliferation, migration and protects them from
apoptosis [9,21,22]. VEGF-A is the most important cytokine inducing angiogenesis [16,23].
The interaction of VEGF-A with its VEGFR-2 receptors located on the surface of ECs is
mainly responsible for neoangiogenesis. On the other hand, by their binding to VEGF
family proteins, VEGFR-1 receptors decrease the availability of the above proangiogenic
factors for VEGFR-2 receptors, thus decreasing the intensity of angiogenesis induced by
VEGFR-2 [14]. The VEGF-2 receptor plays a crucial role in both angiogenesis and lym-
phangiogenesis, which indicates that both processes are corelated. Other ligand and VEGF
receptor variants are of secondary importance in angiogenesis [24–27]. In turn, VEGF-B,
whose gene is located on chromosome 11 (11q13) [28], binds to the VEGFR-1 receptor,
which results in tumor progression independently of angiogenesis [15].

During lymphangiogenesis, VEGF-C and -D factors play the main role, whereas
VEGF-A has a supporting role. VEGF-C has its gene in chromosome 4 (4q34) [28]. This
factor binds to the VEGFR-3 receptor, which leads to increased vascular permeability and
stimulates migration and proliferation of ECs of lymphatic vessels. Moreover, it leads to
the proliferation of lymphatic vessels in the skin [29,30]. The VEGF-D factor is another
representative of this protein family. It is a product of gene expression located on the X
chromosome (Xp21.1) [31]. As in the case of VEGF-C, this factor binds to the VEGFR-
3 receptor, which stimulates the proliferation of ECs of lymphatic vessels. Moreover,
studies have shown that increased expression of VEGF-D in epidermal cells leads to the
formation of lymphatic vessels in the skin as in the case of VEGF-C [29,30]. Of note,
VEGF-C and VEGF-D factors do not stimulate only lymphangiogenesis. By binding to
both VEGFR-2 and VEGFR-3 receptors, they also participate in angiogenesis. A similar
phenomenon is reported for VEGF-A, which is not only the main activator of angiogenesis,
but it also stimulates lymphangiogenesis by the VEGFR-2 receptor. In turn, the PIGF
gene, located on chromosome 14 (14q24-31) [18], encodes PIGF that binds to VEGFR-
1 receptors and neuropilin-1 and is responsible for the stimulation of EC and smooth
muscle cell growth. Together with VEGF-B, PIGF affects the differentiation and activation
of monocytes. Furthermore, a significant increase in PIGF concentration in tissues was
reported in myocardial infarction or cancer disease [29,30]. VEGF-E is the last of this group
of proteins. It resembles the structure of VEGF-A in 25% [32] and is produced only by the
orf virus. VEGF-E binds to its VEGFR-2 receptor, which results in EC proliferation and
increased capillary permeability [29,30].

However, it should be borne in mind that ECs can be stimulated not only by the
VEGF family of proteins, but also by various proangiogenic factors (Table 1), which can
activate their proliferation and motility, leading to the initiation of angiogenesis when the
synthesis of anti-angiogenic factors, such as angiostatin, endostatin, tissue inhibitors of
metalloproteinases or retinoic acid [33,34], is reduced [33,35].
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Table 1. Functions of selected proangiogenic factors.

Non-VEGF Proangiogenic Factors Functions of Selected Proangiogenic Factors:

Class 3 semaphores
(SEMA3)

modulate adhesion, migration, proliferation and apoptosis of
ECs and alter vascular permeability [36].

Nogo-A regulates EC migration and proliferation [37].
changes vascular permeability [38].

Fibroblast growth factor-2 (FGF-2) promotes proliferation and differentiation of ECs, smooth
muscle cells and fibroblasts [9].

Placental growth factor
(PIGF) increases vasodilation [9].

Angiopoietin 1
(Ang 1)

stimulates remodeling, maturation and stabilization of vessels
[9].

Membrane metalloproteinases
(MMPs)

play an essential role in the remodeling of the extracellular
matrix [9].

Urokinase/tissue-type plasminogen activator (uPA/tPA) initiates degradation of the extracellular matrix [9].

Monocyte chemoattractant protein-1 (MCP-1) regulates dilation of collateral vessels [9].

Some of the above endogenous inhibitors of angiogenesis are part of larger proteins,
which do not independently regulate the formation of new blood vessels. These factors,
including endostatin, can be released only under the influence of proteolytic enzymes
such as elastases [14]. Endostatin blocks the activation of MAPK in ECs and MMPs,
thus inhibiting angiogenesis [14]. The cis-4-proline hydroxylase enzyme also plays an
important role, which under normoxia leads to the degradation of hypoxia-inducible factor
1α (HIF-1α) by oxygen attachment to proline residues in HIF-1α [14]. This allows the von
Hippel-Lindau (VHL) protein to bind to HIF-1α and attach ubiquitin. This, in turn, leads to
proteasomal degradation of HIF-1α protein and prevents angiogenesis by inhibiting VEGF
gene expression [14]. Furthermore, many reports have indicated that periostin (POSTN),
which is an ECM protein, may play a significant role in angiogenesis [39,40].

2. Periostin (POSTN)—Structure and Function

POSTN is an adhesion protein physiologically secreted by mesenchymal cells [41],
which was first identified in the osteoblasts of MC3T3-E1 mice [40,42–45]. This protein is
encoded by the POSTN gene [42] that is located in chromosome 13 (13q13.3) [43,46,47]. The
POSTN gene contains 23 exons in humans [43,47].

POSTN has a characteristic structure (Figure 2). This glycoprotein is composed of
several domains. It includes two terminal regions, i.e., N-terminal and C-terminal domains.
The N-terminal region includes a signal peptide (SP), the cysteine-rich EMI domain and
consecutive tandem repeats of four FAS1 domains. The FAS1 domain acts as a ligand of
integrins of the cell membrane. In turn, the C-terminal region consists of a hydrophilic
domain that regulates ECM organization and allows for interactions by binding ECM
proteins such as type I and V collagen, fibronectin and glycosaminoglycans [43,44,48,49].



Cancers 2022, 14, 4225 5 of 21Cancers 2022, 14, 4225 5 of 22 
 

 

 
Figure 2. Schematic representation of POSTN gene structure and protein isoforms (based on Nuzzo 
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POSTN undergoes alternative folding in its C-terminal region, which leads to the 
formation of specific isoforms [48]. There are 4 isoforms of POSTN that consist of 751–836 
amino acids with the molecular masses ranging from 83 to 93 kDa [43,50]. Isoform 1 is a 
full length variant with all exons. Isoform 2 lacks exons 17 and 18, isoform 3 lacks exons 
17 and 21 and isoform 4 lacks exons 17, 18 and 21 [43]. The process of alternative folding 
of POSTN is generally understood [51,52], as opposed to the role of the isolated isoforms 
of the protein in the progression and metastasis of cancer cells. 

Different isoforms have been identified in various tissues, i.e., isoform 1 in human 
osteosarcomas, isoform 2 in the placenta and isoform 3 in ovarian cancer, whereas 
isoforms 2 and 4 are found in normal tissues (breast, lung, thyroid, skin, ligaments, peri-
osteum and periodontium [44,48,53–59]) and in bladder cancer [42,43,51,60,61]. 

POSTN participates in both physiological and pathological processes (Figure 3) [62]. 
Its physiological role is related to the process of wound healing [46,63]. It is also involved 
in the formation and maintenance of normal bone and tooth structure [44], and in the 
development of heart valves [64,65]. This glycoprotein is involved in myocardial remod-
eling after myocardial infarction and also in pulmonary vascular remodeling [66–68].  

Figure 2. Schematic representation of POSTN gene structure and protein isoforms (based on
Nuzzo et al. [43], modified).

POSTN undergoes alternative folding in its C-terminal region, which leads to the forma-
tion of specific isoforms [48]. There are 4 isoforms of POSTN that consist of 751–836 amino
acids with the molecular masses ranging from 83 to 93 kDa [43,50]. Isoform 1 is a full length
variant with all exons. Isoform 2 lacks exons 17 and 18, isoform 3 lacks exons 17 and 21 and
isoform 4 lacks exons 17, 18 and 21 [43]. The process of alternative folding of POSTN is
generally understood [51,52], as opposed to the role of the isolated isoforms of the protein
in the progression and metastasis of cancer cells.

Different isoforms have been identified in various tissues, i.e., isoform 1 in human
osteosarcomas, isoform 2 in the placenta and isoform 3 in ovarian cancer, whereas isoforms
2 and 4 are found in normal tissues (breast, lung, thyroid, skin, ligaments, periosteum and
periodontium [44,48,53–59]) and in bladder cancer [42,43,51,60,61].

POSTN participates in both physiological and pathological processes (Figure 3) [62]. Its
physiological role is related to the process of wound healing [46,63]. It is also involved in the
formation and maintenance of normal bone and tooth structure [44], and in the development
of heart valves [64,65]. This glycoprotein is involved in myocardial remodeling after
myocardial infarction and also in pulmonary vascular remodeling [66–68].
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In turn, the functions of POSTN in pathological processes are mainly related to its par-
ticipation in migration, invasion, epithelial-mesenchymal transition (EMT) and metastasis
formation [54,58,60,69,70] (Figure 4). Moreover, it stimulates tumor angio- and lymphan-
giogenesis [71].

The phenomenon of metastasis is closely related to the processes of migration and
invasion of cells, both of which occur as a result of interactions between tumor cells, ECM
and normal ECs [72]. The migratory potential of tumor cells depends on their functional
state and the factors produced by the surrounding microenvironment that affect them [72].
Impaired angiogenesis is one of the most important factors crucial for metastasis forma-
tion [72]. It is known, that through its interaction with membrane integrins αvβ3, αvβ5
and α6β4 [60,73] and activation of Akt/PKB and FAK signaling pathways [69,73], POSTN
affects cell migration. In addition, this protein can enhance cell migration by regulating col-
lagen I fibrillogenesis in ECM [74]. Thus, this protein affects the biomechanical properties of
the entire connective tissue. The changes that occur in the tumor microenvironment during
this process can have a significant impact on increasing the invasiveness of tumor cells as
well as their migration [48]. Baril et al. [73] showed that in pancreatic cancer, POSTN causes
phosphorylation of FAK kinase by binding to integrin α6β4, which induces cell migration.
In turn, cytokines such as TGF, IL-4 and IL-13 enhance the expression of POSTN, which
interacts with integrin αvβ3, causing phosphorylation of Akt and FAK kinases, resulting
in increased migration of cardiac myofibroblasts. POSTN with tenascin-C and fibronectin
forms a tangled structure that is a specific scaffold for type I collagen [75]. In ovarian cancer,
POSTN secreted by CAF cells after binding to the same integrin αvβ3 activates PI3K/Akt
signaling pathways and the epithelial-mesenchymal transition (EMT) [76]. Through bind-
ing to integrin receptors (αvβ3, αvβ5, α6β4), POSTN activates signaling pathways (PI3K,
AKT/PKB), which activate the ras-raf-MEK-MAPK pathway that initiates EMT [77]. All
of the processes described above contribute to increased cell migration. Moreover, the
ability of cancer cells to migrate is highly dependent on cell morphology, cell polarity, the
presence of intercellular junctions and the expression of specific markers. Epithelial cells
adhere closely to each other, forming intercellular junctions, in which E-cadherin (epithelial
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marker) is present. In addition, they have an apical-basal polarity, which results in the fact
that these cells migrate poorly and are more likely to disseminate as cell conglomerates
(collective migration). In turn, mesenchymal cells have significantly fewer intercellular
junctions compared to epithelial cells. They are linked to the ECM by integrins located on
their surface. Importantly, they also have the ability to secrete ECM-degrading enzymes.
Mesenchymal cells penetrate relatively easily into capillary blood vessels at the site of the
primary tumor, and hence their ability to migrate is high [78]. In the body, even mature
cells possess some flexibility and the ability to change their phenotype. Physiologically, it
occurs at the time of wound healing, whereas this process is best seen in cells after cancer
transformation [72,79]. Epithelial cells can change their phenotype to a mesenchymal-like
phenotype by EMT. It is a process in which the epithelial cell loses polarity and intercellular
junctions and gains the ability for migration and invasiveness, thus becoming a cell with
mesenchymal characteristics [80]. Moreover, this phenomenon is characterized by the loss
of expression of markers such as E-cadherin, claudin, cytokeratin or desmoplakin that are
characteristic of the epithelial phenotype. In turn, this process is characterized by increased
expression of other factors, including fibronectin, N-cadherin, collagen, MMP-2, MMP-9
and MMP-15, which are typical of the mesenchymal phenotype [80,81]. EMT is a key
mechanism in the processes of embryogenesis, regeneration, immune response and scar
and fibrosis formation [82]. Moreover, this phenomenon is found in cancer development
and progression. It also accompanies the formation of distant metastases [83], not only
by facilitating the migration and invasion of tumor cells, but also causing their resistance
to apoptosis due to the lack of adhesion [84]. Following metastasis, such cells are able
to undergo a process opposite to EMT, which is known as the mesenchymal-epithelial
transition (MET).
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EMT can be initiated by multiple mechanisms. Stimulated receptors of tyrosine and
serine/threonine kinases (PI3K, EGFR, c-KIT) activate signaling pathways that trigger the
ras-raf-MEK-MAPK pathway that initiates the EMT process [77]. It has been shown that due
to its tyrosine- and histidine-rich regions, POSTN binds to integrin receptors (αvβ3, αvβ5,
α6β4) [39,71] that are present on the surface of cancer cells, thus influencing the regulation
of intracellular signaling pathways (PI3K, AKT/PKB) [69,71]. As a result, this protein plays
an important role in the regulation of EMT, invasion and metastasis formation [48,69,73].
However, other studies showed that POSTN expression could be regulated by some growth
factors, including TGF-β1 or BMP-2 [44,85]. It is believed that POSTN may act as a mediator
to stimulate TGF-β1 to promote EMT and metastasis formation in some cancers [47].

As a protein with multiple functional domains, POSTN can interact with different
proteins and may be involved in cancer progression. Therefore, this glycoprotein has
become an interesting target for research in the context of cancer transformation and
progression. Ma et al. [86] showed that POSTN, which is secreted by CAF cells activates
FAK-Src kinases through its interactions with integrins (αvβ3, αvβ5), which leads to
activation of the YAP/TAZ signaling pathway and an increase in YAP/TAZ proteins in
the nucleus of cancer cells. In addition, Ma et al. provided strong evidence to support the
hypothesis that the periostin-IL-6 loop contributes to regulating the interaction between
tumor cells and fibroblasts during colorectal tumorigenesis. Targeting periostin- and IL-6-
mediated tumor-stroma interaction may be an attractive therapeutic strategy for human
colorectal tumors.

In addition, Yu et al. [87] showed that POSTN secreted by CAF cells in head and neck
cancer could bind to the PTK7 kinase, which activates the signaling pathway mediated
by the Dvl2 protein [88]. This, in turn, promotes phosphorylation of the GSK3β kinase
and hypophosphorylation of β-catenin protein, which leads to the accumulation of β-
catenin in the cytoplasm and allows it to enter the cell nucleus. The above factors indicate
that the POSTN-PTK7 complex activates the Wnt signaling pathway [87]. In addition, it
was demonstrated that POSTN promoted the cancer stem cell (CSC)-like phenotype via
the PTK7-Wnt/β-Catenin signaling pathway [89,90] and enhanced proliferation and cell
invasion in head and neck squamous cell carcinoma (HNSCC) [87].

In turn, Kubo et al. [91] showed that proteins such as POSTN, tenascin-C (TNC) and
fibronectin (FN) interacted and formed the ECM protein complex promoting angiogenesis
in patients with ischemic proliferative retinopathy. In addition, POSTN has been shown to
facilitate incorporation of TNC into the ECM complex [91]. This is supported by previous
findings where it was suggested that through its domains, POSTN bound to TNC and other
ECM proteins, which enabled the connection between TNC and ECM [92]. In addition, a
significant correlation was demonstrated between the protein levels (POSTN, TNC and FN)
in the vitreous body of patients with proliferative diabetic retinopathy and their distribution
in newly formed vessels in the retina. In addition, Th2 cells infiltrating the ischemic retina
can secrete IL-13. This cytokine stimulates EC cells, enhancing the secretion of POSTN,
TNC and FN proteins, which stimulates angiogenesis in the retina in patients with ischemic
proliferative retinopathy [91].

3. The Role of POSTN in Angiogenesis and Lymphangiogenesis

POSTN is involved in the formation of new blood vessels during tumor transforma-
tion [71]. Initially, when the tumor is small, tumor cells obtain oxygen and nutrients from the
blood by diffusion. When its volume exceeds about 2 mm3, obtaining essential substances
in this manner is insufficient [10,93,94]. The growing environment becomes hypoxic and
acidified due to excess metabolic products [10]. Baril et al. [73] showed that high POSTN
expression made cancer cells resistant to hypoxia [73]. Moreover, these cells with normal
cells stimulate angiogenesis [10,93] via pathways (FI3K-AKT, FAK, Erk/VEGF) [71,95]. The
PI3K/AKT pathway is initiated by ligand attachment to a tyrosine kinase receptor in tumor
cells, which results in PI3K activation. In turn, this kinase converts phosphatidylinositol
4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3), which binds AKT
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kinase to the cell membrane where it is activated. This results in the inhibition of apoptosis,
increased proliferative activity and cell migration potential [96–98]. However, in the FAK
pathway, the cytoplasmic tyrosine kinase is mediated in signal transduction to intracellular
proteins. POSTN can interact with the above pathway by increasing the expression of the
VEGF-R2 receptor in endothelial cells via the αvβ3 integrin [99], thus having an effect on
regulating angiogenesis. In turn, the Erk/VEGF pathway is induced by binding of the
growth factor VEGF-A to the VEGF-R2 receptor, which results in phosphorylation of phos-
pholipase C gamma (PLC-γ) and activation of MAPK/Erk signaling pathways [100,101]. It
was shown that increased POSTN expression enhanced VEGF expression and promoted
the Erk phosphorylation by forming new vessels and metastases [95].

POSTN is a protein secreted by both tumor cells [69,71,102] and cancer-associated
fibroblasts (CAFs) [39,40,71,102,103]. This glycoprotein is thought to influence the devel-
opment of new blood vessels by regulating two mechanisms, i.e., from ECs of an already
existing vessel and the recruitment of progenitor cells [104–106]. POSTN enhances the
adhesion and migration of Ecs by interacting with the αvβ3 integrin [40,47,48]. Moreover,
high expression of this integrin was shown in Ecs during inflammation or interaction of
growth factors with Ecs [12]. The relationship between POSTN expression and VEGF
proangiogenic factors is well reported in many cancers [99,107]. However, in the case of
non-small cell lung carcinoma (NSCLC), a similar correlation has been analyzed only by a
small number of researchers [108]. This issue is relatively well understood in terms of breast
cancer. Shao et al. [99] demonstrated that increased POSTN expression was correlated with
increased VEGF receptor (Flk-1/KDR) expression, which stimulates angiogenesis in breast
cancer. Similarly, Puglisi et al. [41] demonstrated a correlation between POSTN expression
and VEGF-A, VEGF-R1 and VEGF-R2 receptors, and suggested that POSTN could be im-
portant in angiogenesis in breast cancer. On the other hand, in their study on oral squamous
cell carcinoma (OSCC), Siriwardena et al. [109] found a significant correlation between
POSTN expression and microvessel density (MVD) in tumors with high POSTN expression
as compared to tumors with low expression of the glycoprotein. Furthermore, the effect of
recombinant POSTN (rPOSTN) on the formation of new capillaries was demonstrated in
an in vitro model [109].

POSTN is also thought to play an important role in lymphangiogenesis, which is
crucial for the formation of metastases, which translates into cancer progression. The
lymphatic system plays a key role in maintaining adequate fluid amount in tissues, lipid
absorption, and immune cell transport. Congenital or acquired failure of these vessels
results in various forms of lymphedema [110,111]. POSTN expression was reported to
influence the formation of new lymphatic vessels in tumors [112]. Their development and
the involvement of lymph nodes by tumor cells indicate disease progression [113,114]. The
VEGF-C/VEGFR-3 system is the most important regulatory mechanism responsible for the
development of these vessels. Jeltsch et al. [115] and Anisimov et al. [116] demonstrated
that increased expression of VEGF-C in different tissues led to lymphatic vessel expansion.
In turn, He et al. [117] showed that blocking VEGFR-3 receptor signaling using VEGFR-3
immunoglobulin (VEGFR-3-Ig) could lead to the inhibition of lymphangiogenesis and
reduced metastasis to the surrounding lymph nodes in lung cancer [117]. To achieve it, two
stable cell lines were obtained, i.e., N15 with low metastatic capacity secreting VEGF-C and
the highly metastatic LNM35 cell line synthesizing VEGFR-3-Ig. These lines were implanted
subcutaneously into immunodeficient mice. The expression levels of VGFR-C in tumor
cells and the number of lymphatic vessels in tumors were assessed [117]. Kudo et al. [112]
showed a significant correlation between POSTN and VEGF-C expression. Moreover, it
was demonstrated that POSTN expression alone could induce lymphangiogenesis in head
and neck squamous cell carcinoma (HNSCC) through the activation of intracellular Src
and Akt [112]. In turn, in their study on NSCLC, Takanami et al. [108] showed a significant
association between POSTN expression and lymphatic vessel density (LMVD) assessed
based on podoplanin (D2-40) expression and suggested that increased POSTN expression
enhanced lymphangiogenesis.
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POSTN is not the only ECM protein that has the ability to regulate tumor angiogenesis.
Proteoglycans (e.g., perlecan, syndecan and agrin) that are part of the ECM are also involved
in the formation of new blood vessels. Similar to POSTN, agrin, perlecan and syndecan
affect the process of angiogenesis through interactions with the most important growth
factor (VEGF), causing activation of the VEGF-VEGFR2 pathway [99,118–120].

Agrin facilitates the binding of VEGF to the VEGFR2 receptor [121]. Similarly, the
N-terminal domain of perlecan facilitates the binding of VEGFA and FGF to their recep-
tors [118]. A similar mechanism is demonstrated by syndecans (SDCs), which act as
coreceptors for VEGF [122]. They bind to VEGF by increasing their concentration in the
cell membrane, facilitating their binding to their VEGFRs [122]. In turn, an increase in
POSTN expression enhances VEGF expression and promotes Erk phosphorylation and
hence POSTN enhances angiogenesis [95]. Interestingly, a decrease in SDC2 expression
results in a decrease in phosphorylated Src and phosphorylated ERK, which inhibits the
KRas/MAPK pathway, and thus SDC2 indirectly affects angiogenesis [123]. Studies have
shown that by increasing VEGF-R2 receptor expression via integrin αvβ3, POSTN regulates
the FAK signaling pathway [99], which is also activated by the agrin receptor complex
consisting of integrin β1, Lrp4 and MuSK [121]. Through the FAK signaling pathway,
POSTN and agrin can influence angiogenesis [99,121]. The same is true when SDC1 binds
to IGF1-R and undergoes autophosphorylation and activation. This results in the activation
of talin, which, in turn, activates integrins αvβ3 and αvβ5 and activates signaling pathways
that can affect angiogenesis [123–125]. In turn, SDC2 interacts with the protein tyrosine
phosphatase receptor CD148 which activates the PI3K pathway that regulates angiogen-
esis [126]. Similar to SDC2, POSTN uses the PI3K/AKT pathway to affect angiogenesis
through this mechanism [69].

4. Effect of POSTN Expression on Angiogenesis and Metastasis

Many studies indicate that POSTN plays an important role in tumor growth and
the formation of new blood and lymphatic vessels in its proximity. A significant positive
correlation was shown between the increase in POSTN expression and metastases in various
cancers [47,48,69,109,127–130], including NSCLC, breast, ovarian, pancreatic or colorectal
cancer [60,131] (Figure 5).

It has been also shown that POSTN may be a diagnostic biomarker. Jia et al. [132]
showed that serum POSTN was a promising potential biomarker for the diagnosis and
prediction of metastases in breast cancer, supporting diagnoses based on CA153 and CEA
antigens. Similarly, a study by Rachner et al. [133] showed that POSTN serum levels in
breast cancer patients could be a potential biomarker in predicting disease progression,
regardless of the presence of metastases. In addition, the higher the POSTN serum levels
in patients, the higher the mortality rate compared to the group with low levels of the
glycoprotein. In turn, Ben et al. [134] showed that POSTN serum levels in patients with
colorectal cancer were significantly higher compared to healthy individuals and patients
with benign tumors. In addition, a correlation was observed between higher preoperative
serum POSTN levels in colorectal cancer patients and the formation of distant metastases
or a poor prognosis in patients.

Xu et al. [135] showed that POSTN serum levels were significantly elevated in patients
with non-small cell lung cancer compared to healthy individuals. Overall survival and
disease-free survival were significantly higher in patients with lower POSTN serum levels
compared to the group with higher POSTN levels. It is suggested that POSTN serum
levels can be considered diagnostic and prognostic markers in patients with non-small cell
lung cancer.
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4.1. Breast Cancer

Many reports have suggested that increased POSTN expression significantly enhances
angiogenesis in breast cancer. Försti et al. [136] demonstrated the involvement of VEGF
through the kinase domain receptor (KDR). VEGF was the main inducer of angiogenesis in
breast cancer. An increase in POSTN expression stimulates this receptor, which initiates
angiogenesis [136]. In turn, Puglisi et al. [41] found a significant positive correlation
between POSTN expression, which was localized in the nuclei of breast cancer cells, and
tumor size and the expression of VEGF-A, VEGF-R1 and VEGF-R2 receptors [41], which
suggests an important role of POSTN in angiogenesis of this tumor. Similar results were
also obtained by Shao et al. [99], who demonstrated a phenotype of accelerated breast
cancer growth and enhanced angiogenesis [99] in xenografts in immunocompromised
mice which were injected with cell lines (293T, B16F1, MDA-MB-231) overexpressing
POSTN. Furthermore, it was found that POSTN enhanced the expression of the VEGF-R2
receptor in ECs through the activation of the αvβ3-FAK signaling pathway [99], which
may significantly affect new blood vessel formation. In turn, Lee et al. [137] showed
that benzyl-d(U)TP-modified DNA aptamer that was directed against human POSTN
selectively bound to FAS-1 domain (PNDA-3) of POSTN inhibited breast cancer growth
and metastasis in vivo. In an orthotopic mouse model with silenced POSTN expression by
PNDA-3, reduced primary tumor growth and distant metastasis were found. Although
it effectively inhibited tumor growth in vivo, PAND-3 had a poor effect on cell growth
in vitro. This difference can be explained by the fact that POSTN does not only affect
tumor cells but it also influences the cells surrounding the tumor, such as endothelial cells.
POSTN can induce angiogenesis by binding to integrins αvβ3 and αvβ5 and activating the
integrin-FAK signaling pathway. In that study, the authors determined the anti-angiogenic
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effect of PNDA-3 both in vitro and in vivo models. In vitro studies and the assessment of
tumor sections from PNDA-3-treated mice showed reduced angiogenesis compared to both
the vehicle and control aptamer-treated groups. PNDA-3 was shown to strongly inhibit
adhesion, migration and invasion of breast cancer cells.

4.2. Ovarian Cancer

POSTN expression significantly enhances angiogenesis and metastasis in ovarian
cancer [138]. This phenomenon significantly contributes to a poorer prognosis and makes
this cancer the most lethal gynecological malignancy (2019) [139]. In an in vitro study of
ovarian cancer cell lines (OVCAR-3 and OV2008) with POSTN overexpression obtained by
retroviral transfection, Zhu et al. [138] showed that POSTN did not affect the proliferative
activity of tumor cells. However, this glycoprotein enhances migration and adhesion of
human umbilical vein endothelial cells (HUVEC) by interacting with integrin receptors
(αvβ3, αvβ5). This mechanism stimulates angiogenesis in tumors and may inhibit apopto-
sis of ovarian cancer cells. Furthermore, in vivo studies showed that this protein promoted
metastases of intraperitoneally implanted tumor in immunosuppressed mice [138]. Mi-
crovessel density (MVD) of tumor xenografts in mice was assessed by CD31 staining.
Tumor cell xenografts overexpressing POSTN showed higher MVD values compared to
control cells [138], which suggests the involvement of POSTN in blood vessel formation
and association with a phenotype of increased tumor angiogenesis and decreased tumor
cell apoptosis.

4.3. Pancreatic Cancer

Many studies have suggested that the process of angiogenesis also plays an important
role in pancreatic cancer. Liu et al. [95] demonstrated that the proliferative activity, migra-
tion and invasive potential of endothelial cells (HUVECs) were significantly increased in the
cell line cultured with recombinant POSTN (rPOSTN) compared to the control line where
this protein was added. In vivo studies showed that reduced POSTN expression in pancre-
atic cancer cells inhibited tumor growth and significantly decreased VEGF expression in
mice, which resulted in a decrease in the number of metastases and inhibited angiogenesis.
The formation of new blood vessels was closely correlated with metastasis formation and a
poor prognosis. These authors suggested that POSTN promoted angiogenesis in pancreatic
cancer by activating the Erk/VEGF signaling and it could become a therapeutic target in
this cancer [95].

Many reports have shown that traditional anti-angiogenic drugs are ineffective and
may even enhance tumor progression. By inducing hypoxia, these substances can paradox-
ically stimulate the process of angiogenesis, which can cause metastasis [95].

Molecular and cellular mechanisms underlying tumor resistance to VEGFA neutral-
ization are diverse and not fully understood. Keklikoglou et al. [140] showed that in a
mouse model of pancreatic neuroendocrine tumor (PNET), de novo POSTN deposition
adapted the tumor to chronic inhibition of VEGFA by sustaining macrophage infiltration.
The process of angiogenesis and PNET progression when VEGFA protein is inhibited is
POSTN-dependent. Genetic deletion of POSTN in RIP1-Tag2 mice blunted tumor rebounds
of M2-like macrophages and αSMA+ stromal cells in response to prolonged VEGFA inhibi-
tion. This leads to inhibition of revascularization. POSTN deficiency also inhibits FGF2,
which is an adaptive mechanism enabling effective anti-angiogenic therapy in PNET. These
results indicate that POSTN plays an important role in resistance to anti-VEGFA therapy in
pancreatic neuroendocrine tumor (PNET).

Many reports suggest that most of the pancreatic cancers are directly invasive to the
surrounding tissues independent of their poor tumor vasculature, thus, pancreatic cancer
is generally resistant to anti-angiogenic therapy such as anti-VEGF antibody.

The results Carbone et al. [141] are in support of the hypothesis that actually the
resistance to anti-VEGF therapy is mediated by tumor cells autonomous secretion of
chemokines that have both paracrine and autocrine effect [142]. They showed that gene
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expression profiles of bevacizumab resistant model highlighted an increased production
of chemokines that are important for the attraction of myeloid cells and mobilization of
their precursors from bone marrow. These cells have a role both in promotion of tumor
angiogenesis [143] as well as in maintenance of an inflammatory environment that sustains
tumor progression [144]. These observations can explain the lack of efficacy of anti-VEGF
agents since the positive effect of blood supply reduction is counteracted by indirect pro-
angiogenic and pro-inflammatory effect [142].

4.4. Non-Small Cell Lung Carcinoma (NSCLC)

The role of POSTN expression in the process of angiogenesis has also been analyzed
in NSCLC. However, this phenomenon has been discussed only in several papers [108,145].
Wu et al. [145] reported that high POSTN expression in tumor cells correlated with increased
formation of new blood vessels and metastasis formation in NSCLC. In addition, this pro-
tein significantly affected proliferation and invasion of cancer cells and EMT. Their study
revealed that tumor cells (A549) with silenced POSTN expression had significantly reduced
expression levels of Snail protein, which was responsible for EMT induction [145]. More-
over, their study demonstrated that this glycoprotein could be an independent prognostic
factor and even a potential therapeutic target in NSCLC [145].

In turn, Takanami et al. [108] demonstrated a significant correlation between POSTN
expression in the cytoplasm of tumor cells and new lymph vessel formation [108], tumor
size [102,108], invasion and lymph node involvement. Furthermore, a positive correlation
was found between POSTN expression and LMVD [108]. Furthermore, Takanami et al. [108]
showed a similar correlation to the one shown by Siriwardena et al. [109] between POSTN
expression and estimated MVD in NSCLC based on the expression of von Willebrand
factor-related antigen (F8RA). In addition, Takanami et al. [108] demonstrated a positive
significant correlation between POSTN expression and clinicopathological factors and
patient survival time. Five-year survival rates were significantly higher in patients with
no POSTN expression in tumor cells compared to subjects with the expression of the
glycoprotein [108]. Of note, their study was based on only 88 cases of NSCLC, with only
42% of them showing positive POSTN expression [108].

4.5. Colorectal Cancer (CRC)

Studies have confirmed the effect of POSTN expression on new blood vessel formation
in CRC. Bao et al. [69] demonstrated a significant positive correlation between high POSTN
expression and the presence of liver metastases and stimulation of angiogenesis via the
Akt/PKB pathway [69]. Their results showed that the protein could play an important role
in new vessel formation and metastasis formation in CRC. The increased expression of
POSTN in CRC was also confirmed (80% of the cases) as compared to healthy intestinal
tissues from the tumor margin, which may indicate an important role of the glycoprotein
in tumor transformation.

4.6. Glioblastoma Stem Cells (GSCs)

The process of angiogenesis in terms of POSTN expression has also been evaluated
in glioblastoma stem cells (GSCs) [146,147]. Huizer et al. as well as Zhou et al. [90,146]
confirmed that pericytes and GSCs expressed POSTN, which recruited tumor-associated
macrophages (TAMs) from the peripheral blood to the tumor proximity through integrin
αvβ3-mediated signaling [90]. Through this mechanism, POSTN enhanced tumor pro-
gression and angiogenesis [146,147]. Moreover, it promoted migration and invasion of
macrophages and monocytes to GSCs [90]. Zhou et al. [90] demonstrated that silencing
POSTN expression in GSCs impaired the recruitment of TAMs, inhibited tumor growth,
and increased survival in mice with transplanted GSCs [90]. Additionally, Ouanouki
et al. [148] demonstrated that silencing POSTN expression inhibited glioma cell invasion
(U-87) through decreased expression of fibronectin, vimentin and reduced phosphorylation
of Smad2, AKT and FAK in tumor cells. A similar relationship was shown by Mikheei
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et al. [149] who reported a significant relationship between POSTN expression and tumor
stage and tumor recurrence after treatment. However, such a relationship was not found in
relation to patient survival time. In addition, Tian et al. [150] demonstrated that POSTN
could be an independent prognostic factor in GSCs.

4.7. Gastric Cancer (GC)

The relationship between POSTN expression and angiogenesis has also been analyzed
in GC. Qiu et al. [151] demonstrated that silencing of POSTN expression by interfering RNA
(siRNA) in hypoxic (2% O2) gastric cancer cells (MKN-45) correlated with significantly
reduced VEGF expression at the mRNA level, which indicated that POSTN was involved in
the regulation of the pro-angiogenic factor VEGF. This affected the inhibition of new blood
vessel formation by decreasing interaction of POSTN with the Erk1/2 signaling pathway
mediated by VEGF [151].

4.8. Hepatocellular Carcinoma (HCC)

To date, there have been few studies on POSTN expression in HCC [73,152,153]. Chen
et al. [154] identified POSTN as an effector protein in sulfatase 2 (SULF2)-induced angiogen-
esis in HCC. In vivo studies showed that silencing the expression of the protein in tumor
cells inhibited new blood vessel formation and significantly suppressed tumor growth
in mice. Additionally, Chen et al. [154] identified a signaling pathway (TGFβ1/SMAD)
that allowed the interaction between SULF2 and POSTN expression. Furthermore, they
suggested that the SULF2/POSTN relationship could become a target for the development
of new therapies in HCC [154]. In turn, Lv et al. [155] indicated a significant correlation
between the expression of POSTN and VEGF in HCC. Tumors showing high POSTN ex-
pression were characterized by higher VEGF expression and higher MVD compared to
those that showed no POSTN expression [155]. A similar relationship was analyzed by
Lv et al. [155] and Jang et al. [156] who also demonstrated that high POSTN expression was
associated with increased cancer disease, advanced disease stage and a poor prognosis.

4.9. Head and Neck Squamous Cell Carcinoma (HNSCC)

In head and neck squamous cell carcinoma (HNSCC), increased POSTN expres-
sion was closely correlated with increased tumor angio- and lymphangiogenesis. Kudo
et al. [112] demonstrated a significant positive correlation between high expression of the
protein and increased expression of VEGF-C in HNSCC cells, which promoted lymphan-
giogenesis through the activation of Akt and Scr signaling pathways. The Scr pathway was
activated by binding of VEGF-C to VEGFR-2 and VEGFR-3 receptors [19,157,158], which
induced lymphangiogenesis. Of note, VEGF-C did not only stimulate the formation of
lymphatic vessels by binding to VEGFR-2 and VEGFR-3 receptors, but also participated
in angiogenesis. In addition, using ELISA, these authors demonstrated a positive cor-
relation between the expression level of POSTN and VEGF-C in the serum of HNSCC
patients. In conclusion, POSTN, as well as VEGF-C protein, may affect the process of
lymphangiogenesis and angiogenesis in HNSCC.

4.10. Esophageal Squamous Cell Carcinoma (ESCC)

In terms of angiogenesis, POSTN expression has also been analyzed in ESCC. Wang
et al. [104] demonstrated that increased POSTN expression in ESCC significantly correlated
with lymph node metastasis, tumor differentiation, tumor cell infiltration in venous vessels
and the TNM staging. Moreover, it was associated with tumor progression, an increase
in VEGF expression and angiogenesis [104]. Tumors with high POSTN expression were
characterized by a higher expression level of VEGF located in the cytoplasm of tumor cells
and a higher MVD compared with tumors with low expression of the glycoprotein. These
results indicate that POSTN may play a key role in angiogenesis in ESCC.
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5. Conclusions

POSTN is a multifunctional ECM glycoprotein secreted by tumor cells and CAFs. It
is a major component of the desmoplastic stroma that is formed in the proximity of solid
tumors. It is involved in collagen fibrillogenesis [74] and cell adhesion [39,59]. It binds
to integrin receptors (αvβ3, αvβ5, α6β4) [39,71] that are present on the surface of tumor
cells and vascular endothelium, which allows regulation of signaling pathways (PI3K-AKT,
FAK) [69,71]. Thus, this protein may have an effect on cell proliferation, tumor growth and
the formation of new blood and lymphatic vessels [71], which may be of crucial importance
in the mechanism of metastasis and cancer progression.
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15. Namiecińska, M.; Marciniak, K.; Nowak, J.Z. VEGF jako czynnik angiogenny, neurotrofi czny i neuroprotekcyjny * VEGF as an

angiogenic, neurotrophic, and neuroprotective factor. Postep. Hig. Med. Dosw. Online 2005, 59, 573–583.
16. Senger, D.R.; Galli, S.J.; Dvorak, A.M.; Perruzzi, C.A.; Susan Harvey, V.; Dvorak, H.F. Tumor cells secrete a vascular permeability

factor that promotes accumulation of ascites fluid. Science 1983, 219, 983–985. [CrossRef]
17. Brockington, A.; Lewist, C.; Whartont, S.; Shaw, P.J. Vascular endothelial growth factor and the nervous system. Neuropathol. Appl.

Neurobiol. 2004, 30, 427–446. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.5603/ARM.28026
http://www.ncbi.nlm.nih.gov/pubmed/17427152
http://doi.org/10.1016/S0021-9258(19)49853-0
https://gco.iarc.fr/today/online-analysis-pie?v=2020&mode=cancer&mode_population=continents&population=900&populations=900&key=total&sex=0&cancer=39&type=1&statistic=5&prevalence=0&population_group=0&ages_group%5B%5D=0&ages_group%5B%5D=17&nb_items=7&group_cancer=1&include_nmsc=1&include_nmsc_other=1&half_pie=0&donut=0
https://gco.iarc.fr/today/online-analysis-pie?v=2020&mode=cancer&mode_population=continents&population=900&populations=900&key=total&sex=0&cancer=39&type=1&statistic=5&prevalence=0&population_group=0&ages_group%5B%5D=0&ages_group%5B%5D=17&nb_items=7&group_cancer=1&include_nmsc=1&include_nmsc_other=1&half_pie=0&donut=0
https://gco.iarc.fr/today/online-analysis-pie?v=2020&mode=cancer&mode_population=continents&population=900&populations=900&key=total&sex=0&cancer=39&type=1&statistic=5&prevalence=0&population_group=0&ages_group%5B%5D=0&ages_group%5B%5D=17&nb_items=7&group_cancer=1&include_nmsc=1&include_nmsc_other=1&half_pie=0&donut=0
https://gco.iarc.fr/today/online-analysis-pie?v=2020&mode=cancer&mode_population=continents&population=900&populations=900&key=total&sex=0&cancer=39&type=1&statistic=5&prevalence=0&population_group=0&ages_group%5B%5D=0&ages_group%5B%5D=17&nb_items=7&group_cancer=1&include_nmsc=1&include_nmsc_other=1&half_pie=0&donut=0
http://doi.org/10.1152/ajpcell.00084.2014
http://doi.org/10.1042/CS20140278
http://www.ncbi.nlm.nih.gov/pubmed/25236972
http://doi.org/10.2174/156652405774641098
http://doi.org/10.1152/japplphysiol.00035.2004
http://doi.org/10.1172/JCI6869
http://doi.org/10.1093/emboj/21.7.1505
http://doi.org/10.1126/science.6823562
http://doi.org/10.1111/j.1365-2990.2004.00600.x


Cancers 2022, 14, 4225 16 of 21

18. Mattei, M.G.; Borg, J.P.; Rosnet, O.; Marmé, D.; Birnbaum, D. Assignment of vascular endothelial growth factor (VEGF) and
placenta growth factor (PIGF) genes to human chromosome 6p12-p21 and 14q24-q31 regions, respectively. Genomics 1996, 32,
168–169. [CrossRef]

19. Su, J.L.; Yen, C.J.; Chen, P.S.; Chuang, S.E.; Hong, C.C.; Kuo, I.H.; Chen, H.Y.; Hung, M.C.; Kuo, M.L. The role of the VEGF-
C/VEGFR-3 axis in cancer progression. Br. J. Cancer 2007, 96, 541–545. [CrossRef]

20. Ziehe, M.; Morbidelli, L.; Choudhuri, R.; Zhang, H.T.; Donnini, S.; Granger, H.J.; Bicknell, R. Nitric oxide synthase lies downstream
from vascular endothelial growth factor-induced but not basic fibroblast growth factor-induced angiogenesis. J. Clin. Investig.
1997, 99, 2625–2634. [CrossRef]

21. Ferrara, N.; Keyt, B. Vascular endothelial growth factor: Basic biology and clinical implications. EXS 1997, 79, 209–232.
22. Gupta, K.; Kshirsagar, S.; Li, W.; Gui, L.; Ramakrishnan, S.; Gupta, P.; Law, P.Y.; Hebbel, R.P. VEGF prevents apoptosis of human

microvascular endothelial cells via opposing effects on MAPK/ERK and SAPK/JNK signaling. Exp. Cell Res. 1999, 247, 495–504.
[CrossRef]

23. Ferrara, N. Role of vascular endothelial growth factor in the regulation of angiogenesis. Kidney Int. 1999, 56, 794–814. [CrossRef]
[PubMed]

24. Hicklin, D.J.; Ellis, L.M. Role of the vascular endothelial growth factor pathway in tumor growth and angiogenesis. J. Clin. Oncol.
2005, 23, 1011–1027. [CrossRef] [PubMed]

25. Nurmi, H.; Saharinen, P.; Zarkada, G.; Zheng, W.; Robciuc, M.R.; Alitalo, K. VEGF -C is required for intestinal lymphatic vessel
maintenance and lipid absorption. EMBO Mol. Med. 2015, 7, 1418–1425. [CrossRef]

26. Ferrara, N. Vascular endothelial growth factor: Basic science and clinical progress. Endocr. Rev. 2004, 25, 581–611. [CrossRef]
[PubMed]

27. Stimpfl, M.; Tong, D.; Fasching, B.; Schuster, E.; Obermair, A.; Leodolter, S.; Zeillinger, R. Vascular endothelial growth factor splice
variants and their prognostic value in breast and ovarian cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2002, 8, 2253–2259.

28. Paavonen, K.; Horelli-Kuitunen, N.; Chilov, D.; Kukk, E.; Pennanen, S.; Kallioniemi, O.P.; Pajusola, K.; Olofsson, B.; Eriksson, U.;
Joukov, V.; et al. Novel human vascular endothelial growth factor genes VEGF-B and VEGF-C localize to chromosomes 11q13 and
4q34, respectively. Circulation 1996, 93, 1079–1082. [CrossRef]

29. Clauss, M. Molecular biology of the VEGF and the VEGF receptor family. Semin. Thromb. Hemost. 2000, 26, 561–569. [CrossRef]
30. Jussila, L.; Alitalo, K. Vascular growth factors and lymphangiogenesis. Physiol. Rev. 2002, 82, 673–700. [CrossRef]
31. Olofsson, B.; Pajusola, K.; Von Euler, G.; Chilov, D.; Alitalo, K.; Eriksson, U. Genomic organization of the mouse and human

genes for vascular endothelial growth factor B (VEGF-B) and characterization of a second splice isoform. J. Biol. Chem. 1996, 271,
19310–19317. [CrossRef]

32. Ogawa, S.; Oku, A.; Sawano, A.; Yamaguchi, S.; Yazaki, Y.; Shibuya, M. A novel type of vascular endothelial growth factor,
VEGF-E (NZ-7 VEGF), preferentially utilizes KDR/Flk-1 receptor and carries a potent mitotic activity without heparin-binding
domain. J. Biol. Chem. 1998, 273, 31273–31282. [CrossRef]

33. Pavlakovic, H.; Havers, W.; Schweigerer, L. Multiple angiogenesis stimulators in a single malignancy: Implications for anti-
angiogenic tumour therapy. Angiogenesis 2001, 4, 259–262. [CrossRef]

34. Kerbel, R.S. Tumor Angiogenesis. N. Engl. J. Med. 2008, 358, 2039–2049. [CrossRef]
35. Rajabi, M.; Mousa, S.A. The role of angiogenesis in cancer treatment. Biomedicines 2017, 5, 34. [CrossRef]
36. Mecollari, V.; Nieuwenhuis, B.; Verhaagen, J. A perspective on the role of class iii semaphorin signaling in central nervous system

trauma. Front. Cell. Neurosci. 2014, 8, 328. [CrossRef]
37. Rust, R.; Grönnert, L.; Gantner, C.; Enzler, A.; Mulders, G.; Weber, R.Z.; Siewert, A.; Limasale, Y.D.P.; Meinhardt, A.; Maurer,

M.A.; et al. Nogo-A targeted therapy promotes vascular repair and functional recovery following stroke. Proc. Natl. Acad. Sci.
USA 2019, 116, 14270–14279. [CrossRef]

38. Rust, R.; Weber, R.Z.; Grönnert, L.; Mulders, G.; Maurer, M.A.; Hofer, A.S.; Sartori, A.M.; Schwab, M.E. Anti-Nogo-A antibodies
prevent vascular leakage and act as pro-angiogenic factors following stroke. Sci. Rep. 2019, 9, 20040. [CrossRef]

39. Sehra, S.; Yao, W.; Nguyen, E.T.; Ahyi, A.-N.N.; Barbé Tuana, F.M.; Ahlfeld, S.K.; Snider, P.; Tepper, R.S.; Petrache, I.; Conway,
S.J.; et al. Periostin Regulates Goblet Cell Metaplasia in a Model of Allergic Airway Inflammation. J. Immunol. 2011, 186, 4959–4966.
[CrossRef]

40. Kudo, Y.; Siriwardena, B.S.M.S.; Hatano, H.; Ogawa, I.; Takata, T. Periostin: Novel diagnostic and therapeutic target for cancer.
Histol. Histopathol. 2007, 22, 1167–1174. [CrossRef]

41. Puglisi, F.; Puppin, C.; Pegolo, E.; Andreetta, C.; Pascoletti, G.; D’Aurizio, F.; Pandolfi, M.; Fasola, G.; Piga, A.; Damante, G.; et al.
Expression of periostin in human breast cancer. J. Clin. Pathol. 2008, 61, 494–498. [CrossRef]

42. Takeshita, S.; Kikuno, R.; Tezuka, K.; Amann, E. Osteoblast-specific factor 2: Cloning of a putative bone adhesion protein with
homology with the insect protein fasciclin I. Biochem. J. 1993, 294 Pt 1, 271–278. [CrossRef]

43. Nuzzo, P.V.; Buzzatti, G.; Ricci, F.; Rubagotti, A.; Argellati, F.; Zinoli, L.; Boccardo, F. Periostin: A Novel Prognostic and
Therapeutic Target For Genitourinary Cancer? Clin. Genitourin. Cancer 2014, 12, 301–311. [CrossRef] [PubMed]

44. Horiuchi, K.; Amizuka, N.; Takeshita, S.; Takamatsu, H.; Katsuura, M.; Ozawa, H.; Toyama, Y.; Bonewald, L.F.; Kudo, A.
Identification and Characterization of a Novel Protein, Periostin, with Restricted Expression to Periosteum and Periodontal
Ligament and Increased Expression by Transforming Growth Factor β. J. Bone Miner. Res. 1999, 14, 1239–1249. [CrossRef]

http://doi.org/10.1006/geno.1996.0098
http://doi.org/10.1038/sj.bjc.6603487
http://doi.org/10.1172/jci119451
http://doi.org/10.1006/excr.1998.4359
http://doi.org/10.1046/j.1523-1755.1999.00610.x
http://www.ncbi.nlm.nih.gov/pubmed/10469350
http://doi.org/10.1200/JCO.2005.06.081
http://www.ncbi.nlm.nih.gov/pubmed/15585754
http://doi.org/10.15252/emmm.201505731
http://doi.org/10.1210/er.2003-0027
http://www.ncbi.nlm.nih.gov/pubmed/15294883
http://doi.org/10.1161/01.CIR.93.6.1079
http://doi.org/10.1055/s-2000-13213
http://doi.org/10.1152/physrev.00005.2002
http://doi.org/10.1074/jbc.271.32.19310
http://doi.org/10.1074/jbc.273.47.31273
http://doi.org/10.1023/A:1016045012466
http://doi.org/10.1056/NEJMra0706596
http://doi.org/10.3390/biomedicines5020034
http://doi.org/10.3389/fncel.2014.00328
http://doi.org/10.1073/pnas.1905309116
http://doi.org/10.1038/s41598-019-56634-1
http://doi.org/10.4049/jimmunol.1002359
http://doi.org/10.14670/HH-22.1167
http://doi.org/10.1136/jcp.2007.052506
http://doi.org/10.1042/bj2940271
http://doi.org/10.1016/j.clgc.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24656869
http://doi.org/10.1359/jbmr.1999.14.7.1239


Cancers 2022, 14, 4225 17 of 21

45. Ratajczak-Wielgomas, K.; Grzegrzolka, J.; Piotrowska, A.; Gomulkiewicz, A.; Witkiewicz, W.; Dziegiel, P. Periostin expression in
cancer-associated fibroblasts of invasive ductal breast carcinoma. Oncol. Rep. 2016, 36, 2745–2754. [CrossRef] [PubMed]

46. Hamilton, D.W. Functional role of periostin in development and wound repair: Implications for connective tissue disease. J. Cell
Commun. Signal. 2008, 2, 9. [CrossRef] [PubMed]

47. Ruan, K.; Bao, S.; Ouyang, G. The multifaceted role of periostin in tumorigenesis. Cell. Mol. Life Sci. 2009, 66, 2219. [CrossRef]
[PubMed]

48. Morra, L.; Moch, H. Periostin expression and epithelial-mesenchymal transition in cancer: A review and an update. Virchows
Arch. 2011, 459, 465–475. [CrossRef] [PubMed]

49. Ratajczak-Wielgomas, K.; Kmiecik, A.; Dziegiel, P. Role of Periostin Expression in Non-Small Cell Lung Cancer: Periostin
Silencing Inhibits the Migration and Invasion of Lung Cancer Cells via Regulation of MMP-2 Expression. Int. J. Mol. Sci. 2022,
23, 1240. [CrossRef] [PubMed]

50. Kyutoku, M.; Taniyama, Y.; Katsuragi, N.; Shimizu, H.; Kunugiza, Y.; Iekushi, K.; Koibuchi, N.; Sanada, F.; Oshita, Y.; Morishita, R.
Role of periostin in cancer progression and metastasis: Inhibition of breast cancer progression and metastasis by anti-periostin
antibody in a murine model. Int. J. Mol. Med. 2011, 28, 181–186. [CrossRef]

51. Kim, C.J.; Isono, T.; Tambe, Y.; Chano, T.; Okabe, H.; Okada, Y.; Inoue, H. Role of alternative splicing of periostin in human
bladder carcinogenesis. Int. J. Oncol. 2008, 32, 161–169. [CrossRef]

52. Kim, C.J.; Yoshioka, N.; Tambe, Y.; Kushima, R.; Okada, Y.; Inoue, H. Periostin is down-regulated in high grade human bladder
cancers and suppresses in vitro cell invasiveness and in vivo metastasis of cancer cells. Int. J. Cancer 2005, 117, 51–58. [CrossRef]

53. Litvin, J.; Selim, A.-H.; Montgomery, M.O.; Lehmann, K.; Rico, M.C.; Devlin, H.; Bednarik, D.P.; Safadi, F.F. Expression and
function of periostin-isoforms in bone. J. Cell. Biochem. 2004, 92, 1044–1061. [CrossRef]

54. Li, P.; Oparil, S.; Feng, W.; Chen, Y.F. Hypoxia-responsive growth factors upregulate periostin and osteopontin expression via
distinct signaling pathways in rat pulmonary arterial smooth muscle cells. J. Appl. Physiol. 2004, 97, 1550–1558. [CrossRef]

55. Ouyang, G.; Liu, M.; Ruan, K.; Song, G.; Mao, Y.; Bao, S. Upregulated expression of periostin by hypoxia in non-small-cell lung
cancer cells promotes cell survival via the Akt/PKB pathway. Cancer Lett. 2009, 281, 213–219. [CrossRef]

56. Takayama, G.; Arima, K.; Kanaji, T.; Toda, S.; Tanaka, H.; Shoji, S.; McKenzie, A.N.J.; Nagai, H.; Hotokebuchi, T.; Izuhara, K.
Periostin: A novel component of subepithelial fibrosis of bronchial asthma downstream of IL-4 and IL-13 signals. J. Allergy Clin.
Immunol. 2006, 118, 98–104. [CrossRef]

57. Tai, I.T.; Dai, M.; Chen, L.B. Periostin induction in tumor cell line explants and inhibition of in vitro cell growth by anti-periostin
antibodies. Carcinogenesis 2005, 26, 908–915. [CrossRef]

58. Lindsley, A.; Snider, P.; Zhou, H.; Rogers, R.; Wang, J.; Olaopa, M.; Kruzynska-Frejtag, A.; Koushik, S.V.; Lilly, B.; Burch, J.B.E.; et al.
Identification and characterization of a novel Schwann and outflow tract endocardial cushion lineage-restricted periostin enhancer.
Dev. Biol. 2007, 307, 340–355. [CrossRef]

59. Braun, N.; Sen, K.; Alscher, M.D.; Fritz, P.; Kimmel, M.; Morelle, J.; Goffin, E.; Jörres, A.; Wüthrich, R.P.; Cohen, C.D.; et al.
Periostin: A Matricellular Protein Involved in Peritoneal Injury during Peritoneal Dialysis. Perit. Dial. Int. 2013, 33, 515–528.
[CrossRef]

60. Gillan, L.; Matei, D.; Fishman, D.A.; Gerbin, C.S.; Karlan, B.Y.; Chang, D.D. Periostin secreted by epithelial ovarian carcinoma is a
ligand for αVβ3 and αVβ5 integrins and promotes cell motility. Cancer Res. 2002, 62, 5358–5364.

61. Litvin, J.; Zhu, S.; Norris, R.; Markwald, R. Periostin family of proteins: Therapeutic targets for heart disease. Anat. Rec. Part A
Discov. Mol. Cell. Evol. Biol. 2005, 287, 1205–1212. [CrossRef]

62. Ratajczak-Wielgomas, K.; Grzegrzolka, J.; Piotrowska, A.; Matkowski, R.; Wojnar, A.; Rys, J.; Ugorski, M.; Dziegiel, P. Expression
of periostin in breast cancer cells. Int. J. Oncol. 2017, 51, 1300–1310. [CrossRef]

63. Conway, S.J.; Izuhara, K.; Kudo, Y.; Litvin, J.; Markwald, R.; Ouyang, G.; Arron, J.R.; Holweg, C.T.J.; Kudo, A. The role of periostin
in tissue remodeling across health and disease. Cell. Mol. Life Sci. 2014, 71, 1279–1288. [CrossRef] [PubMed]

64. Conway, S.J.; Molkentin, J.D. Periostin as a Heterofunctional Regulator of Cardiac Development and Disease. Curr. Genom. 2008,
9, 548–555.

65. Hakuno, D.; Kimura, N.; Yoshioka, M.; Mukai, M.; Kimura, T.; Okada, Y.; Yozu, R.; Shukunami, C.; Hiraki, Y.; Kudo, A.; et al.
Periostin advances atherosclerotic and rheumatic cardiac valve degeneration by inducing angiogenesis and MMP production in
humans and rodents. J. Clin. Investig. 2011, 121, 454. [CrossRef]

66. Kühn, B.; del Monte, F.; Hajjar, R.J.; Chang, Y.-S.; Lebeche, D.; Arab, S.; Keating, M.T. Periostin induces proliferation of
differentiated cardiomyocytes and promotes cardiac repair. Nat. Med. 2007, 13, 962–969. [CrossRef]

67. Shimazaki, M.; Nakamura, K.; Kii, I.; Kashima, T.; Amizuka, N.; Li, M.; Saito, M.; Fukuda, K.; Nishiyama, T.; Kitajima, S.; et al.
Periostin is essential for cardiac healing after acute myocardial infarction. J. Exp. Med. 2008, 205, 295–303. [CrossRef]

68. Chen, Y.-F.; Feng, J.-A.; Li, P.; Xing, D.; Ambalavanan, N.; Oparil, S. Atrial natriuretic peptide-dependent modulation of
hypoxia-induced pulmonary vascular remodeling. Life Sci. 2006, 79, 1357–1365. [CrossRef]

69. Bao, S.; Ouyang, G.; Bai, X.; Huang, Z.; Ma, C.; Liu, M.; Shao, R.; Anderson, R.M.; Rich, J.N.; Wang, X.F. Periostin potently
promotes metastatic growth of colon cancer by augmenting cell survival via the Akt/PKB pathway. Cancer Cell 2004, 5, 329–339.
[CrossRef]

70. Yan, W.; Shao, R. Transduction of a mesenchyme-specific gene periostin into 293T cells induces cell invasive activity through
epithelial-mesenchymal transformation. J. Biol. Chem. 2006, 281, 19700–19709. [CrossRef]

http://doi.org/10.3892/or.2016.5095
http://www.ncbi.nlm.nih.gov/pubmed/27633896
http://doi.org/10.1007/s12079-008-0023-5
http://www.ncbi.nlm.nih.gov/pubmed/18642132
http://doi.org/10.1007/s00018-009-0013-7
http://www.ncbi.nlm.nih.gov/pubmed/19308325
http://doi.org/10.1007/s00428-011-1151-5
http://www.ncbi.nlm.nih.gov/pubmed/21997759
http://doi.org/10.3390/ijms23031240
http://www.ncbi.nlm.nih.gov/pubmed/35163164
http://doi.org/10.3892/ijmm.2011.712
http://doi.org/10.3892/ijo.32.1.161
http://doi.org/10.1002/ijc.21120
http://doi.org/10.1002/jcb.20115
http://doi.org/10.1152/japplphysiol.01311.2003
http://doi.org/10.1016/j.canlet.2009.02.030
http://doi.org/10.1016/j.jaci.2006.02.046
http://doi.org/10.1093/carcin/bgi034
http://doi.org/10.1016/j.ydbio.2007.04.041
http://doi.org/10.3747/pdi.2010.00259
http://doi.org/10.1002/ar.a.20237
http://doi.org/10.3892/ijo.2017.4109
http://doi.org/10.1007/s00018-013-1494-y
http://www.ncbi.nlm.nih.gov/pubmed/24146092
http://doi.org/10.1172/JCI45853
http://doi.org/10.1038/nm1619
http://doi.org/10.1084/jem.20071297
http://doi.org/10.1016/j.lfs.2006.03.051
http://doi.org/10.1016/S1535-6108(04)00081-9
http://doi.org/10.1074/jbc.M601856200


Cancers 2022, 14, 4225 18 of 21

71. Ratajczak-Wielgomas, K.; Dziegiel, P. The role of periostin in neoplastic processes. Folia Histochem. Cytobiol. 2015, 53, 120–132.
[CrossRef]
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