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Despite the dramatic advances in cancer research in the past few years, effective
therapeutic strategies are urgently needed. Endothelial cell-specific molecule 1 (ESM-1),
a soluble dermatan sulfate proteoglycan, also known as endocan, serves as a diagnostic
and prognostic indicator due to its aberrant expression under pathological conditions,
including cancer, sepsis, kidney diseases, and cardiovascular disease. Significantly, ESM-
1 can promote cancer progression and metastasis through the regulation of tumor cell
proliferation, migration, invasion, and drug resistant. In addition, ESM-1 is involved in the
tumor microenvironment, containing inflammation, angiogenesis, and lymph
angiogenesis. This article reviews the molecular and biological characteristics of ESM-1
in cancer, the underlying mechanisms, the currently clinical and pre-clinical applications,
and potential therapeutic strategies. Herein, we propose that ESM-1 is a new therapeutic
target for cancer therapy.

Keywords: endothelial cell-specific molecule 1, endocan, cancer, cellular function, tumor microenvironment,
targeted therapy
INTRODUCTION

With the development of molecular oncology and the advance of cancer diagnosis and treatment,
there is a substantial reduction in both incidence and mortality (1). However, cancer is still one of
the most challenging diseases in clinical practice, and effective therapeutic strategies are urgently
needed. A comprehensive understanding of the molecular mechanism associated with cancer is
essential for further development. In particular, some proteins play a pivotal role in cancer
development and their expression levels are related to cancer diagnosis and prognosis (2).
Endothelial cell-specific molecule 1 (ESM-1), also known as endocan, is a soluble dermatan
sulfate (DS) proteoglycan. It is secreted by various cell lines, especially by human vascular
endothelial cells, and can be detected in the human bloodstream (3).
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Accidentally discovered by French scientist Lassalle in 1996,
ESM-1 was considered to be restricted in endothelial cells,
therefore, it was named endothelial cell-specific molecule 1 (4).
As ESM-1 is a kind of DS proteoglycan secreted specifically by
endothelial cells, belonging to the PGs family, David Bechard
renamed ESM-1 to endocan in 2001 (3).

DS is a glycosaminoglycan (GAG) which is produced through
the epimerization of the glucuronic acid on chondroitin sulfate
into iduronic acid by dermatan sulfate epimerase (DS-epi) 1 and 2.
DS plays vital roles during the process of tumorigenesis, which is
attributed to the increased flexibility of the polysaccharide chain in
the presence of iduronic acid residues, facilitating specific
interactions with proteins like growth factors, cytokines, and
angiogenic factors (5, 6). As a kind of soluble DS proteoglycan,
ESM-1 plays an important role in cancer initiation and
progression. ESM-1 takes part in molecular interactions in a
wide range of biological progresses, including cell proliferation,
adhesion, migration, and invasion (7, 8). Moreover, ESM-1 has
been implicated in vascular tissue development under normal or
pathological conditions and it is often used as an indicator of
angiogenesis in clinical practice. Studies have shown that ESM-1 is
aberrantly expressed in a myriad of diseases, such as cancer,
vascular disorder, and inflammation (9). Recently, ESM-1 has
garnered immense attention owing to its distinctive role in
tumorigenesis and tumor progression. In this review, we
discussed the multifaceted role of ESM-1 in some important
cellular processes relevant to cancer and the underlying
mechanisms. The current therapeutic approaches targeting at
ESM-1 are also comprehensively summarized.
THE STRUCTURE, EXPRESSION,
AND REGULATION OF ESM-1

Located on chromosome 5 at the position q11.2, ESM-1 gene
contains 3 exons and 2 introns with a total length of 2006 base
pairs. Exon 1 and a part of exon 2 encode for aN-terminal cysteine-
rich region of 110 amino acids residues. Besides, exon 2 encodes for
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the functional region rich in phenylalanine (F, 113FPFFQY118) (10).
Finally, exon 3 encodes for a short 33 amino-acid long C-terminal
region that features the O-glycosylation site at serine 137 (3, 4, 11).
The gene structure and protein sequence of ESM-1 is show in
(Figure 1).

The initial coding protein of ESM-1 contains 184 amino acids.
With the removal of the hydrophobic signal peptide sequence which
is composed of 19 amino acid residues at the N-terminal, a mature
protein containing 165 amino acids is formed. Taken together, ESM-
1 is a50kDacysteine-richproteoglycancomposedof165aminoacids
mature protein cores (20 kDa) and approximately 30 kDa
corresponding to a unique dermatan sulfate chain linked to serine
residues after being post-translationally modified (12, 13).

Originally, as ESM-1 is found at endothelial cells of lung
tissue, scientists thought that ESM-1 is highly restricted to the
lung vascular endothelial cells (4). Further studies revealed that
ESM-1 also expressed in kidney, liver, lung, thyroid gland, lymph
nodes, skin, and gastrointestinal tract (3, 13, 14). However, ESM-
1 is not detected in vascular-rich organs such as heart, pancreas,
and placenta (15).

The expression level of ESM-1 can be up-regulated by a
multitude of proinflammatory cytokines and growth factors,
such as tumor necrosis factor-a (TNF-a), interleukin-1b (IL-
1b), interleukin-8 (IL-8), E-selectin, transforming growth factors-
b1 (TGF-b1), lipopolysaccharide (LPS), nuclear factor-kB (NF-
kB), phorbol myristate acetate (PMA), and retinoic acid (4, 13, 16–
19). Vascular endothelial growth factor (VEGF) is a significant
modulator which is capable of up-regulating the expression of
ESM-1. Under the treatment of VEGF in vitro, expression of
mRNA levels of ESM-1 is elevated in a time and dose-dependent
manner (15). Interestingly, VEGF impacts on ESM-1 transcription
through PKC-NF-kB signaling pathway, instead of Src or MEK/
MAPK pathway (15, 20). In addition, ESM-1 is significant elevated
in intermittent hypoxia (IH) compared to normoxia (21). IH plays
a vital role in ESM-1 expression via HIF-1a/VEGF pathway.
Under the condition of IH, HIF-1a is dramatically upregulated,
and subsequently stimulates the expression of VEGF which is a
positive regulator of ESM-1 (21).
FIGURE 1 | The gene structure and protein sequence of ESM-1. The gene structure of ESM-1. Exon 1 and part of exon 2 encode for an N-terminal cysteine-rich
region. The exon 2 encodes a special region rich in F (113FPFFQY118), which is the functional region of ESM-1. The boundary between exon 1 and exon 2
encoding is the site of 82. Exon 3 encodes for a short 33 amino-acid long C-terminal region that includes the unique O-glycosylation site at serine 137.
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In contrast, ESM-1 can be down-regulated by interleukin-4
(IL-4), interferon-g (IFN-g), phosphatidylinositol 3-kinase (PI3K),
and homeodomain transcription factor (HHEX) (20, 22, 23).
HHEX, a proline-rich homologous domain protein belonging to
the homeobox family, candirectly inhibit ESM-1genebybinding to
HRE which is the original HHEX responder in ESM-1 gene (24).
THE ROLE OF ESM-1 IN CANCER

Emerging evidence indicates that ESM-1 expression is elevated in
a broad spectrum of cancers. It is also worth noting that the
expression level of ESM-1 is related to tumor aggressiveness and
tumor vascularization (8). In recent years, substantial
investigations have focused on the relationship between ESM-1
and cancer. It has been found that ESM-1 is involved in many
aspects of tumorigenesis, such as promoting cell cancerization,
modulating cell proliferation and survival, as well as regulating
migration and invasion (Figure 2). In addition, ESM-1 is closely
related to drug resistance.

Promoting Cell Cancerization
Studies have shown that overexpression of ESM-1 in non-
tumorigenic epithelial cells can induce tumor formation, while
overexpression of ESM-1 in tumorigenic cells can significantly
increase the growth rate of tumors (20, 25). Carcinogenesis of
ESM-1 requires the existence of glycosylation chain and the
integral protein structure, because specific protein mutations can
lead to the loss of tumor promoting effect. The activity of ESM-1
in promoting tumor cell growth also depends on the protein core
of ESM-1, especially the phenylalanine rich region centered on
amino acid residues 115 and 116 (25). Yassine et al. in 2008
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conducted a study on the role of ESM-1 in tumor progression in
mice, showing that overexpression or systemic administration of
endogenous non-glycosylated ESM-1 could delay the growth of
HT-29 tumor cells. They believed that since human fully
glycosylated ESM-1 can promote tumor growth, there is an
interesting hypothesis that the balance between glycosylated
ESM-1 and non-glycosylated ESM-1 can induce or delay
tumor growth (10). Furthermore, ESM-1 can facilitate the
transformation of dormant tumors into fast-growing
angiogenic types and induce tumor formation (23, 24).
However, ESM-1 protein does not participate in fibroblast
growth factor 2 (FGF-2) induced endothelial cell proliferation,
because it is not inhibited by anti-ESM-1 protein antibodies (25).
Therefore, the cellular target of ESM-1 seems to be malignant
epithelial cells rather than endothelium itself. It is speculated that
ESM-1 protein plays a role in the paracrine positive feedback
loop and facilitates tumor growth. Meanwhile, ESM-1 protein in
turn plays a role in amplifying the effect of tumor growth factors
and inhibiting the migration of effective immune cells into the
tumor (4, 26).

Modulating Cell Proliferation and Survival
Previous studies have shown that ESM-1 can affect cell
proliferation and cell survival. NF-kB is always secreted
aberrantly in cancers, influencing the processes of oncogeneses
such as cell proliferation and apoptosis, metastasis, and
angiogenesis. On the basis of in-depth studies regarding the
underlying mechanisms, researchers attributed the suppression
of cell proliferation to the cell cycle arrest, which is a result of the
regulation of NF-kB and PTEN by ESM-1 (26). Yun and his
colleagues have found that knockdown of ESM-1 decreased the
expression of NF-kB in colorectal cancer and hepatocellular
FIGURE 2 | Role of ESM-1 during cancer progression. ESM-1 participates in multiple biological progresses in the cancer development. (A) Secretion.
(B) Tumorigenesis and development. (C) Cell proliferation. (D) Migration and invasion. (E) Angiogenesis. (F) Lymph-angiogenesis.
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cancer. In addition, PTEN, which plays a vital role in G1 cell
cycle arrest, is activated after silencing ESM-1 and results in cell
cycle protein cyclin D1 reduction and localization in the nucleus
(27, 28).

Additionally, researchers found that the cell viability of the
colorectal cancer cell lines COLO205 and SK-HEP1 was reduced
up to 15% and 11% respectively after ESM-1 silencing (27, 28).
Subsequent studies unraveled that ESM-1 increased tumor cell
survival rate via the Akt-dependent NF-kB/IkB pathway. When
the ESM-1 gene silenced, phospho-Akt and NF-kB subfamily
members like NF-kB p65 were down-regulated and the phospho-
IkBa was up-regulated, while the expression level of phospho-
JNK or ERK1/2 was not altered. Interestingly, phospho-p38
MAPK was also decreased but phospho-Akt expression was
more strongly suppressed than phospho-p38 MAPK expression
in ESM-1 gene silencing cells compared to control. Taken
together, JNK, ERK, and p38 pathways are not directly related
to the suppression of survival (27, 28).

Regulation of Migration and Invasion
Cell migration and invasion are essential elements of cancer
metastasis, which is responsible for nearly 90% of cancer-
associated mortality (29). An interesting observation is that ESM-
1 mRNA level is much higher in metastatic tumor samples than in
non-metastatic tumor samples, indicating that ESM-1 expression is
associated with metastasis (28). Moreover, ESM-1 is closely related
to the vascular invasion. In gastric cancer, researchers found that
tumors with ESM-1 overexpression showmore easily invasion into
vascular, causing more frequently distant metastasis (30).

During cancer invasion and metastasis, the surrounding
basement membrane can be destroyed by expression of the
transcript levels of matrix metalloproteinases (MMPs), making
tumor cells drop from the primary focus and spread to new
tissues. A recent study has shown that migration- and metastasis-
associated proteins, such as MMP-9 were decreased by ESM-1
regulation and recombinant human (Rh) TIMP-1, a significant
MMP-9 inhibitor, was increased by ESM-1 regulation. However,
the ESM-1 mediated cell migration and invasion were enhanced.
Thismaybeattribute to the imbalance ofMMP-9/TIMP-1,which is
the mechanism of ESM-1 promoting metastasis of prostate cancer
cells (31). ESM-1 expression significantly affects the migration of
cells in colorectal, gastric, nasopharyngeal, head and neck cancer,
and hepatocellular carcinomas (27, 28, 31, 32).

When silencing ESM-1 via siRNA, levels of NF-kB, phospho-
Akt and glycogen synthase kinase 3 (GSK3a/b) are markedly
decreased, whereas levels of E-cadherin are elevated. Akt and
GSK3 have been proved to be involved in metastasis. GSK3
relates to the actin cytoskeleton, microtubules, and adhesion
turnover in diverse stages of cell migration. These results indicate
that ESM-1 expression may be related to cell migration and
invasion (27, 31).

Drug Resistance
Traditional chemotherapy and emerging molecularly targeted
therapies have significantly improved the efficacy of cancer
therapeutics. However, drug resistance remains a major obstacle
for cancer treatment, resulting to tumor cells insensitive to
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chemotherapeutic drugs and/or other anti-cancer drugs. Usually,
the development of drug resistance involves a series of gene and
protein interactions (33, 34). Previous studies have revealed that
ESM-1 is one of drug resistance-related genes (35). In patients with
prolactinoma, ESM-1-microvessel density in bromocriptine (which
belongs to dopamine agonist to treat prolactinoma) resistant
patients was dramatically higher than that of sensitive groups.
However, blocking ESM-1 with siRNAs markedly increased the
sensitivity of rat prolactinoma cell lines GH3 and MMQ to
dopamine agonist treatment (35). Similar observation has been
made in HUVEC cells. Silencing of ESM-1 significantly increased
the sensitivity of HUVECs to bevacizumab to treatment (35).
THE ROLE OF ESM-1 IN TUMOR
MICROENVIRONMENT

Tumors are dynamic entities which grow in a highly complex
milieu called tumor microenvironment (TME). TME
encompasses not only tumor cells, but also multiple other
components like immune cells, endothelial cells, adipocytes,
fibroblasts, extracellular matrix (ECM), as well as blood and
lymph vessels (36). The intricate microenvironment affects
tumor growth, invasion, and metastasis. Mounting evidence
indicates that targeting TME may provide a reliable alternative
to conventional tumor-targeted therapy (37).

ESM-1 and Inflammation
Inflammation is strongly associated with cancer. There is a growing
body of evidence indicating that inflammation contributes to the
development and progression of malignancies (38, 39), and it is
regarded as one of hallmarks of cancer (40). It has been
demonstrated that ESM-1 can influence leukocyte adhesion and
extravasation, which are essential for inflammatory processes.
Researches show that ESM-1 can reduce leukocyte adhesion by
directlybinding to leukocyte function-associatedantigen-1 (LFA-1)
in vitro (41). LFA-1, an integrin molecule, interacts with its most
important ligand intercellular adhesion molecule-1 (ICAM-1),
promoting leukocytes adhesion to endothelial cells (42, 43). ESM-
1 has been found to directly bind to LFA-1 on the cell surface of
leukocytes, and antagonize interaction with endothelial-cell
expressed ICAM-1, reducing leukocyte adhesion in vitro (41).
However, leukocyte-to-endothelial cell adhesion was not reduced
by ESM-1 in a biomimetic microfluidic assay by Zheng et al. (44).
This data suggests that LFA-1 is not the only adhesionmolecule on
leukocytes that binds to ICAM-1 (44). To further investigate the
impact of ESM-1 on leukocyte in vivo, researchers performed
peritonitis assays on ESM-1 knockout mice and wild type mice.
ESM-1 knockout mice showed a significant decrease in leukocyte
extravasation compared with wildmice, indicating ESM-1 plays an
important role in leukocyte extravasation (45). Moreover,
researchers used the intravital microscopy to direct visualization
and analysis of leukocyte behavior during the rolling, adhesion, and
transmigration steps. They found that the impaired leukocyte
extravasation in ESM-1 knockout mice was attributed to reduced
transmigration. Immunostainings for leukocyte-endothelial cells
adherens and tight junctions show that there are no significant
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structural differences between ESM-1 knockout mice and wild type
mice (45).Therefore, targetingESM-1couldbeapromising strategy
to treat inflammation and cancer.

Regulation of Angiogenesis
Tumor vascularization is a hallmark of cancer andhas been shown as
an important step in cancer progression and metastasis (46). The
VEGF pathway is one of the keymediators of angiogenesis in cancer.
As mentioned above, VEGF-A is a specific inducer of ESM-1
transcription which is supported by the fact that ESM-1 expression
is up-regulated in VEGF-A treated endothelial cells (20). Notably,
emerging studies have identified that ESM-1 is also implicated in
angiogenesis (Figure 2). ESM-1 is overexpressed during in vitro
angiogenesis. However, ESM-1 seems not to modify angiogenesis
directly (17), asHUVEC tube formation induced byVEGFandFGF-
2 did not change after ESM-1 knockdown (47). Mechanistic
investigations on the role of ESM-1 in angiogenesis revealed that
there is a positive feedback loop between VEGF-A and ESM-1.
ESM-1 expression was stimulated by VEGF-A through the
phosphorylation and activation of VEGFR-2 (48). In turn, ESM-1
binds tofibronectin directly and thereby displacesfibronectin-bound
VEGF-A165, resulting in increased bioavailability of VEGF-A165 and
subsequently enhancedVEGF-Amediated signaling (45).Consistent
with this, researchers found that more VEGF-A165 is sequestered to
fibronectin and decreases VEGF bioavailability and signaling after
ESM-1 knockdown (45). Moreover, it has been reported that ESM-1
is enriched in specialized tip cells and is associatedwithfilopodia (49–
51).The tip cells areoneof themotile endothelial cells,whichmediate
the sproutingofdevelopingvessels during theprocess of angiogenesis
(52). Filopodia are typically present in tip cells and are needed for
their guidance andmotility during angiogenesis. In ESM-1 knockout
mice retina models, retinal vascular outgrowth and filopodia
emission are impaired. In further studies, F. Rocha et al. found that
filopodia number is significantly decreased after ESM-1 knockdown
and the impaired vascular progressionmight be due to the reduction
of motility of endothelial sprouts (45).

In addition, ESM-1 can bind to HGF/SF, FGF-2 and other pro-
angiogenic molecules, exerting the effect of angiogenesis
promotion. The DS chain of ESM-1 can bind to HGF/SF and
FGF-2 and promote the proliferation of vascular endothelial cells,
resulting in neovascularization. ESM-1 and HGF/SF, FGF-2 can
promote the expression of each other in the form of positive
feedback regulation, which makes vascular endothelial cell
proliferationmore obvious and easier to form tubular structure (4).

Regulation of Lymph Angiogenesis
Tumor lymphatic vessels execute complex functions during cancer
progression. Metastatic tumor cells readily invade permeable
peritumoral lymphatic vessels and metastasis (53). Moreover,
tumors can induce lymph angiogenesis within their draining
lymph nodes even before metastasis and induce lymph
angiogenesis in lymph nodes, promoting the further metastasis to
distant lymph nodes and organs (12).

Previous studies have shown that the growth and activation of
lymphatic vessels can be mediated by VEGF-C and/or VEGF-A.
Of note, ESM-1 can be potently induced by both VEGF-C and
VEGF-A during lymph angiogenesis (Figure 2). A follow-up
Frontiers in Oncology | www.frontiersin.org 5
study revealed that incubation of lymphatic endothelial cells
(LECs) with ESM-1 enhanced the stimulating effects of both
VEGF-A and VEGF-C on LEC proliferation and migration,
whereas incubation with ESM-1 alone did not have the same
effect. However, gene silencing of ESM-1 significantly inhibited
the induction of LEC proliferation and migration by VEGF-A
and/or VEGF-C. Taken together, ESM-1 induced by VEGF-A
and/or VEGF-C represents an autocrine, positive feedback loop
which further promote the stimulatory functions of both growth
factors on lymphatic endothelial cells. Moreover, ESM-1
induction by VEGF-A was mainly dependent on the activation
of VEGFR-2, as inhibition of VEGFR-2 completely inhibits the
VEGF-A mediated induction of ESM-1 in LECs. And VEGF-C
mediated induction depended on the activity of both VEGFR-2
and VEGFR-3 (12). In brief, ESM-1 can enhance the function of
other lymphangiogenic factors (such as VEGF-A, VEGF-C) to
indirectly promote lymph angiogenesis and tumor metastasis. It
can be a novel mediator of lymph angiogenesis and regarded as a
potential target for the inhibition of VEGF-A– or VEGF-C–
induced pathologic lymphatic vessel activation.
CLINICAL RELEVANCE OF ESM-1
IN CANCERS

ESM-1 protein is aberrantly expressed in many cancers,
including hematologic and solid tumors (Table 1). The over-
or under-expression of ESM-1 compared to normal tissues is
related to worse clinicopathologic features and clinical outcomes,
indicating the ESM-1 as a biomarker for diagnosis and prognosis.

AsESM-1 is a secretedprotein, it is a potentialmarker for cancer.
In gastric cancer, higher serum ESM-1 level is related to poor
prognosis (63). In non-small cell lung cancer, ESM-1 level is higher
inmalignant pleural effusion (MPE) compared with benign pleural
effusion (BPE), and is associated with poor prognosis and distant
metastasis (67). ESM-1 is also an indicator for the aggressive
behavior of cancer. Although barely expressed in endothelial cells
ofnormal pituitary,ESM-1 ishighlyexpressed inendothelial and/or
endocrine cells in patients with pituitary adenomas (70). In
addition, the higher ESM-1 level indicates bigger tumor size,
raised mitotic count and elevated p53 expression (70). In gastric
cancer, ESM-1 is strikingly overexpressed in tumor tissue, resulting
in tumor proliferation, distant lymph nodes metastasis, as well as
vascular invasion (30, 62). In addition, ESM-1 is related to
Borrmann type IV which is an independent prognosis factor for
survival in gastric cancer (30, 75).

Interestingly, ESM-1 is only enhanced in triple negative breast
cancer (TNBC), the most aggressive and easily metastatic breast
cancer subtype, and its expression is positively correlated with
the malignancy of cancer. MDA-MB-231BR is a brain metastatic
variant of human TNBC cell line MDA-MB-231 and is more
malignant than MDA-MB-231 cells. ESM-1 is strikingly
overexpressed in MDA-MB-231BR, which might be due to
DNA demethylation in an upstream region of ESM-1 gene (55).

Although there are a series of clinicopathologic parameters
aiming different cancers, novel and effective biomarkers are still
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urgently needed to improve the clinical prediction of cancer
progression and recurrence. In addition, thoroughly
understanding the relationship between ESM-1 expression and
the subsistent clinicopathological characters of cancers is helpful
for combining diagnosis. In pituitary adenomas, ESM-1 is
positively correlated to Knosp tumor invasion grades, which is
useful to estimate the degree of invasion by ESM-1 expression
(71). In multiple myeloma, ESM-1 is elevated in plasma and is
associated with disease stage, hypercalcemia, renal failure,
anemia, and bone lesions. The additional secretion of ESM-1
may attribute to the secretion of VEGF by malignant plasma cells
and the interaction with bone marrow microenvironment (66).
In prostate cancer, ESM-1 expression is significantly elevated in
patients with high Gleason grades and Gleason scores, the main
method used to stage prostate cancer, suggesting ESM-1 is a
useful biomarker for cancer diagnosis (74).

In addition, ESM-1 is a potential parameter to monitor the
tumor response to anti-angiogenic therapeutics. An interesting
observation in clear cell renal cell carcinoma is that sunitinib can
prevent VEGF-induced ESM-1 secretion by endothelial cells, but
not regulate the TNF-a-induced ESM-1 secretion (56),
suggesting that ESM-1 could be a potential biomarker to
monitor the patient response to anti-VEGF therapies (56).

Angiogenesis is crucial for cancer progression and is an
indicator for poor prognosis. It is worthy to note that ESM-1 is
also a biomarker of neovascularization, the hallmark of tumor
development, invasion, andmetastasis (40). Angiogenesis is always
Frontiers in Oncology | www.frontiersin.org 6
evaluated by tumor microvascular density (MVD) that is counting
CD-31 or CD-34 antibodies positive vessels (60). Nevertheless, the
major defect is that these antibodies will mark endothelial cells of
both normal and tumor tissues (76). Therefore, it is necessary to
find a highly specific marker to label the endothelium of tumor
tissue but not with the endothelium of most normal tissue. As
mentioned above, ESM-1 is over-expressed in tumor tissues but
under-expressed in normal tissues. Mounting evidence indicates
that the MVD denoted by ESM-1 (ESM-1-MVD) has prognostic
value in malignancy that higher ESM-1-MVD is correlated with a
shorter survival time. In addition, ESM-1-MVD was strongly
associated with tumor histology, grading, tumor size, and clinical
staging, and has been proven to be one of the most accurate
prognostic indicators of postoperative recurrence in ovarian
cancer (60), gastric cancer (76, 77), and hepatocellular
carcinoma (64). Taken together, ESM-1-MVD is a useful marker
for prognosis, which can identify those who might benefit from a
different follow-up approach and subsequent adjuvant therapy.
THERAPEUTIC STRATEGIES TARGETING
ESM-1 IN CANCER

Given the intimate relationship between ESM-1 and tumor
biology, ESM-1 promises to be an CD11a/CD18 active target
in cancer therapy. Tremendous efforts have been made or
underway to explore the potential value of modulating ESM-1
TABLE 1 | ESM-1 expression in human tumors.

Cancers Research
sample

Expression
level

Clinical characterization Reference

Bladder Cancer Tissue High Shorter recurrence-free survival time in noninvasive bladder cancers (48, 54)
Breast cancer (TNBC) Plasma High Poor outcome (55)
Clear cell renal cell
carcinoma

Serum High Poor Survival (56)

Colorectal cancer Saliva High Poor prognosis, high histological differentiation, high depth of tumor invasion high TNM stage
and high lymph node metastasis

(57, 58)

Tissue Lower Poor differentiate (59)
Ovarian cancer Tissue High Poor survival (60)

Serum High More malignancy (61)
Gastric cancer Tissue High Poor survival

Distant and lymph nodes metastasis
Vascular invasion

(30, 62)

Serum High Poor progonsis (63)
Hepatocellular Carcinoma Tissue High Poor Survival (64)

Serum High High tumor stage (28)
Meningiomas and
Gliomas

Tissue High High degree of malignancy (65)

Multiple myeloma Plasma High Higher disease stage (66)
Non-small cell lung
cancer

Tissue High Poor prognosis and distant metastasis (17)

Pleural
effusion

High Poor prognosis, poor survival and distant metastasis (67)

Oral cancer Plasma High Associated with tumor (T) status, higher at T1-T3 status (68)
Pancreatic
neuroendocrine tumors

Tissue High Poor clinical outcomes and greater malignancy (69)

Pituitary adenoma Tissue High Associated with Knosp tumor invasion grades, higher recurence, more aggressive and invasion (70–72)
Prostate cancer Serum High Easily recurrence (73)

Tissue High Higher Gleason grades and scores (74)
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for cancer treatment in experimental and clinical settings.
However, there are no small molecular drugs targeting ESM-1
in clinic currently. This may be attributed to the indeterminacy
of ESM-1 protein crystal structure. Hence, there are still many
difficulties in developing drugs targeting ESM-1.

Exon 2 Deletion of ESM-1 Could be a
Future Cancer Therapy Target
The biologic functions of proteoglycans often depend on the
interactions of their glycosaminoglycan chains with protein
ligands, such as cytokines and growth factors (78, 79). As
ESM-1 is a kind of proteoglycans which is involved in tumor
development, the glycosylation chain is essential for its biological
activity. Researchers demonstrate that the tumorigenic property
of ESM-1 is highly dependent on its glycan chain. In addition,
the protein core and a Phenylalanine-rich (F-rich) region
situated between residues F113 and F116 are also critical (80).

Depontieu et al. identified exon 2 sequence is closely
connected with protein multimerization, the glycation status,
and the cancerogenic activity of ESM-1. Deletion of exon 2
related amino acid sequence (called ESM-1D2) impaired the
synthesis of glycan chain, and ESM-1D2 loss the function of
cancerization. Moreover, various cell lines of human and murine
origin were implanted in the skin of severe combined
immunodeficient mice, and ESM-1D2 did not promote tumor
formation. These suggesting that exon 2-derived sequence may
represent a future therapeutic target against cancer (80).

Silencing ESM-1 by RNAi and Antibody
siRNA and shRNA
The high expression and sustained activation of ESM-1 is prevailing
in tumor cells and ESM-1 is recognized as a highly dependent gene
for survival. RNA interference technology, a highly functional tool
for researchers to prevent pathogenic gene expression, was mainly
used to study the function of a gene or disease (81).

A broad array of genetic knockdown experiments validated the
potential of ESM-1 as a powerful target for clinical evaluation in
the treatment of cancer. Blocking ESM-1 with small interfering
RNAs (siRNAs) successfully inhibited tumor cell proliferation,
migration, invasion, and angiogenesis in diverse cancers (Table 2).
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Moreover, ESM-1 knockdown with short hairpin RNAs (shRNAs)
dramatically inhibit the NGFR induced tumor growth, invasion,
and metastasis in oral squamous cell carcinoma (84).

Despite the initially encouraging ESM-1 knockdown outcomes
in vivo, most reports utilized the gene silencing techniques in
cultured cells, and less is known about how malignant cells
response to blockade agents in established tumors. The research
and development of RNAi targeting ESM-1 have great potential
in the future.

miRNA
MicroRNAs (miRNAs) are endogenous, small non-coding RNAs
which contain about 20 to 25 nucleotides, and play regulatory
roles in target gene expression by complexing with RNA‐induced
silencing complexes (RISCs) and interacting with the 3’
untranslated regions (3’UTRs) of target mRNAs (85–87). Since
ESM-1 are upregulated in many cancers, interference with ESM-
1 by miRNA may be a potential therapeutic strategy.

As reported, miR-9-3p, derived from bone marrow-derived
mesenchymal stem cells (BMSCs) secreted exosomes, can target
gene ESM-1 to inhibit viability, migration, and invasion while
promoting apoptosis in bladder cancer cells. Additionally, ESM-
1 is down-regulation after exosomal miR-9-3p treatment, and the
cancer progression and metastasis are both prevented in
xenograft model of bladder cancer in mice (88).

Despite miRNA therapeutic strategy is a promising treatment
approach to cancer, there are several questions remain to be
addressed. MiRNA is a multiple targeted regulator which often
regulates multiple mRNAs, as mRNA recognition only requires
binding to the 5’- end of the seed region of miRNA rather than
the entire nucleotide sequence (89, 90). Hence, it is essential to
develop a method to deliver miRNA to tumor cells at the target
site, which can improve cell specificity. Besides, it is necessary to
develop effective delivery systems to protect miRNA escaping
degraded by serum nucleases, removed by immune system, and
to increase the target cell uptake.

Antibody
With the approval of bevacizumab (Avastin) and cetuximab
(Erbitux), antibody-based therapeutics appear to be vital
TABLE 2 | List of therapeutic strategies targeting ESM-1.

Intervention Cancer type Results Reference

siRNA Colorectal Cancer Inhibit migration,invasion and decrease cell survival (26, 54)
Hepatocellular carcinoma Decrease cell survival, migration, and invasion and modulated cell cycle progression (28)
Head and neck cancer Inhibit proliferation, migration (81)
Invasive Bladder Cancer Inhibit VEGF-A–induced tube formation, migration, and VEGFR-2 phosphorylation (48)
Gastric cancer Inhibit proliferation (62)
Proatate cancer Inhibit migration (73, 82)
Triple-negative breast
cancer

Inhibit proliferation, colony, migration, invasion (83)

shRNA Oral squamous cell carcinoma Inhabit NGFR-induced the tumor growth, invasion, and metastasis (84)
Antibody
(PABsc-20343)

Gastric cancer Inhibit tumor cells and vascular endothelial cells proliferation (29)

miR-9-3p Bladder cancer Inhibit viability, migration, and invasion, and promote apoptosis (85)
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components of therapies for multiple cancers (91). Although
ESM-1 is a kind of secreted protein which is suitable for
monoclonal antibody blockade, the research on anti-ESM-1
antibody is limited. In gastric cancer, ESM-1 overexpressed
endothelial cells HMEC-1 and adenocarcinoma cells MKN28 are
treated with a goat polyclonal antibody (PABsc-20343) to
antagonize ESM-1. As a result, there is a marked reduction of cell
numbers, suggesting that down-regulation of ESM-1 can inhibit
tumor cells and vascular endothelial cells proliferation (30).
CONCLUSIONS

ESM-1 is an endothelial dysfunction marker and participates in
diverse endothelium-dependent pathological disorders,
including cancer, sepsis, kidney diseases and cardiovascular
disease (25, 92, 93). Herein, we have attempted to shed light
on the unique role of ESM-1 in cancers. It is worth noting that
ESM-1 is not only intrinsically promoting tumor growth, but
also regulating tumor microenvironment. In addition, ESM-1 is a
biomarker for diagnosis and prognosis of cancers.

Given the significant role of ESM-1 in cancers, it may be a
potential target in cancer treatment, and the inhibitors targeting
ESM-1 are urgently needed. Hindered by lack of precise ESM-1
crystal structure, the design-based small-molecule inhibitor
discovery and identification, has lagged. The utilization of
advanced molecular biology techniques, such as RNAi, to target
ESM-1 have shown encouraging results. However, these methods
are onlyused in vitro or in animalmodels, due to the failure to reach
Frontiers in Oncology | www.frontiersin.org 8
the target organs or tissues specifically. Nanocarriers provide us
with a novel delivery system to protect RNAs and antibodies from
degradation in blood vessels, deliver them to target organs, and
promote intracellular accumulation.Taken together, further studies
are required to completely clarify the regulations of ESM-1 and the
underlying mechanisms under different physiological conditions.
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