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Abstract: Since the blood vessel epicardial substance or Popeye domain-containing protein 1 

(BVES/POPDC1) was first identified in the developing heart by two independent laboratories 

in 1999, an increasing number of studies have investigated the structure, function, and related 

diseases of BVES/POPDC1. During the first 10 years following the discovery of BVES/POPDC1, 

studies focused mainly on its structure, expression patterns, and functions. Based on these studies, 

further investigations conducted over the previous decade examined the role of BVES/POPDC1 

in human diseases, such as colitis, heart diseases, and human cancers. This review provides an 

overview of the structure and expression of BVES/POPDC1, mainly focusing on its potential 

role and mechanism through which it is involved in human cancers.
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Introduction
Blood vessel epicardial substance (BVES), also known as Popeye domain-containing 

protein 1 (POPDC1), belongs to the POPDC family, which shares the same Popeye 

structure within the intracellular C-terminus.1,2 The POPDC family consists of BVES/

POPDC1, POPDC2, and POPDC3. These genes produce evolutionarily conserved 

transmembrane proteins and do not share significant structural homology with any 

other identified proteins.2 BVES/POPDC1 is 359 amino acids long, is principally 

localized to the plasma membrane, and contains an extracellular amino terminus, 

three transmembrane domains, and a cytoplasmic Popeye domain.3 The extracellular 

N-terminus of BVES/POPDC1 contains two invariant N-glycosylation sites, which are 

thought to be dispensable. However, they may be involved in the protection of BVES/

POPDC1 from proteolysis and localization of BVES/POPDC1 to the membrane.4,5 

The intracellular C-terminus of BVES/POPDC1 includes the novel but highly con-

served Popeye domain. BVES/POPDC1 protein forms a dimer or multimer in the cell 

within the Popeye domain (Figure 1). These BVES–BVES interactions are necessary 

to maintain epithelial integrity and junctional stability.6

BVES/POPDC1 transcripts have been identified in an array of eukaryotes ranging 

from honey bees to human beings.7 Human BVES/POPDC1 has been identified in 

the heart, smooth and skeletal muscle, brain, liver, gastrointestinal tract, and various 

epithelia.2,8–13 BVES/POPDC1 is a newly discovered cyclic 3′,5′-adenosine monophos-

phate (cAMP) effector14 and a caveolae-associated protein important for the tolerance 

of environmental stress (eg, oxygen deficiency and nutrient deprivation). Moreover, 

it is involved in the regulation of cell calcium and survival pathway signaling.15,16 

Interestingly, BVES/POPDC1-expressing cells have a common phenotype or function: 
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they are adherent or are at least highly interactive in nature.7 

Subcellular localization studies revealed that BVES/POPDC1 

is mainly localized in the cytomembrane, especially in the 

lateral cell membrane, cell junction, and tight junction.17 Its 

movement from the cytoplasm to membrane is an early event 

occurring concurrently with cell–cell contact.17,18 BVES/

POPDC1 colocalizes in epithelial cells with Occludin and 

ZO-1 in an apical–lateral position within the z-axis.17 This 

expression pattern indicates a role of BVES/POPDC1 in cell 

communication or cell–cell adhesion.

The expression of BVES/POPDC1 during embryo-

genesis has been studied in several organisms, including 

chick,13 mouse,12 Xenopus laevis,19 and Drosophila.20 

In these studies, BVES/POPDC1 was found in a multitude 

of tissue types derived from all three germ layers both in 

the embryo and adults. In 2008, Feng et al21 were the first 

to link the expression of BVES/POPDC1 to non-small-cell 

lung cancer (NSCLC) in human beings. In the following 

10 years, accumulating evidence has revealed the role and 

mechanism of BVES/POPDC1 in human diseases, espe-

cially in cancers.

BVES/POPDC1 in cancers
We have summarized the articles discussing the role of 

BVES/POPDC1 in human cancers in Table 1.

BVES/POPDC1 in lung cancer
Feng et al21 performed MethyLight assays to detect the DNA 

methylation status of 27 genes in 49 paired cancerous and 

noncancerous tissues obtained from patients with NSCLC 

who underwent surgical resection. They found that seven 

genes significantly more frequently methylated at high levels 

(percentage of methylated reference $4%) in cancerous vs 

noncancerous tissue, and among which, BVES/POPDC1 had 

high levels of methylation in cancerous but never noncancer-

ous tissue.21 Feng et al’s study was the first to incorporate 

BVES/POPDC1 into the genes frequently methylated in 

NSCLC.21 In 2010, this research group studied the early 

events of lung cancer by analyzing lung tissue samples 

obtained from 151 cancer-free subjects (121 smokers and 

30 nonsmokers) for hypermethylation of genes previously 

observed to be hypermethylated in NSCLC. They found that 

BVES/POPDC1 was rarely hypermethylated (,2%) in these 

subjects, suggesting that BVES/POPDC1 methylation is not 

the preneoplastic event leading to NSCLC.22 However, they 

speculated that the detection of BVES/POPDC1 methylation 

may be conducive to monitor and detect tumor recurrence in 

early-stage NSCLC after curative surgical resection.22

BVES/POPDC1 in gastric cancer
Kim et al23 examined the hypermethylation of POPDCs 

in gastric cancer and found that the expression of BVES/

POPDC1 and POPDC3 was silenced in 8/11 (73%) gastric 

cancer cell lines investigated. Further analysis suggested that 

the hypermethylation of the BVES/POPDC1 and POPDC3 

promoters correlated with their decreased expression in 

gastric cancer cell lines. BVES/POPDC1 and POPDC3 were 

hypermethylated in 69% and 64% of gastric cancer tissues, 

respectively. Treatment with the DNA methylation inhibitor 

5-aza-dC and the histone deacetylase inhibitor trichostatin A 

(TSA) restored the expression of BVES/POPDC1 in gastric 

cancer cell lines SNU-601, SNU-620, and SNU-638.23 In 

addition, they found that BVES/POPDC1 and POPDC3 were 

downregulated in EGF-induced epithelial–mesenchymal 

transition (EMT). Moreover, silencing of POPDC3 promoted 

the migration and invasion of gastric cancer cells. However, 

these results did not reveal a direct role of BVES/POPDC1 in 

gastric cancer.23 There was no significant correlation between 

the expression of BVES/POPDC1 or POPDC3 and clinical 

characteristics. The investigators speculated that the inac-

tivation of BVES/POPDC1 and POPDC3 is an early-stage 

process in gastric cancer prior to the occurrence of metastasis. 

However, Luo et al24 examined 306 human gastric cancer and 

78 noncancerous gastric tissues and found that the expression 

of BVES/POPDC1 was decreased in gastric cancer tissue. 

Figure 1 BVES/POPDC1 structure.
Notes: BVES/POPDC1 protein consists of an extracellular N-terminus, a three-
pass transmembrane domain, and an intracellular C-terminus containing the highly 
conserved Popeye domain. BVES/POPDC1 directly binds to cAMP, VAMP3, and 
Cav3 in the Popeye domain, directly interacts with DNRG4 and PR61α in the 
intracellular C-terminus outside of Popeye domain, and directly interacts with 
ZO-1, GEFT, and TREK-1 in the intracellular C-terminus both inside and outside 
of Popeye domain.
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The low expression of BVES/POPDC1 correlated with histo-

logical differentiation, depth of invasion, regional lymph node 

and distant metastasis, and TNM stage. They also suggested 

that the reduced expression of BVES/POPDC1 is associated 

with the progression of gastric cancer and poor survival.24 

The contradictory results obtained from these two studies 

may be attributed to the following: 1) Kim et al analyzed the 

level of BVES/POPDC1 methylation and clinicopathological 

characteristics, whereas Luo et al compared the protein level 

of BVES/POPDC1 with clinicopathological characteristics 

through immunohistochemistry; 2) Kim et al only analyzed 

a limited range of clinicopathological characteristics (ie, age, 

gender, histology, and TNM stage), whereas the research 

conducted by Luo et al included a more comprehensive 

clinicopathological profile (ie, age, gender, location, size, his-

tology, histological differentiation, invasion depth, regional 

lymph node metastasis, distant metastasis, and TNM stage); 

3) The number of experimental samples and experimental 

groups were different: Kim et al studied the expression of 

BVES/POPDC1 in 96 pairs of gastric cancer tissues and 

adjacent healthy tissues, whereas Luo et al performed their 

investigation in 306 gastric cancer tissues and 78 noncancer-

ous gastric tissues. Further research is warranted to clarify 

the role of BVES/POPDC1 in gastric cancer metastasis and 

the molecular mechanism involved in this process.

BVES/POPDC1 in colorectal cancer
The expression of BVES/POPDC1 was found to be decreased 

in all stages of human colorectal carcinoma and in adenoma-

tous polyps.25 Similar to lung cancer and gastric cancer, the 

low expression of BVES/POPDC1 in colorectal carcinoma 

and adenoma were mainly due to hypermethylation of the 

gene promoter on the cytosine–phosphate–guanine island.25 

Overexpression of BVES/POPDC1 promoted the epithelial 

phenotype of colorectal cancer cells, including decreased pro-

liferation, migration, invasion, and anchorage-independent 

growth as well as impaired growth and metastasis in an 

orthotopic xenograft.25 More recently, BVES/POPDC1 

was shown to be reduced in human ulcerative colitis and 

colitis-associated cancer biopsy specimens.26 Furthermore, 

BVES/POPDC1-knockout mice (BVES/POPDC1−/−) pre-

sented with increased crypt height, elevated proliferation, 

decreased apoptosis, altered intestinal lineage allocation, 

and dysregulation of permeability and intestinal immunity.26 

Furthermore, BVES/POPDC1−/− mice exhibited increased 

tumor multiplicity and degree of dysplasia after treatment 

with azoxymethane and dextran sodium sulfate.26 Molecular 

analysis revealed that the knockdown of BVES/POPDC1 

increased c-Myc stability – an oncogene that is dysregulated 

in numerous malignancies – and subsequently increased the 

expression of downstream key target genes, such as orni-

thine decarboxylase and carbamoyl phosphate synthetase 2 

aspartate transcarbamylase and dihydroorotase. However, 

the overexpression of BVES/POPDC1 reduced c-Myc 

stability and increased c-Myc ubiquitylation.26 In addition, 

BVES/POPDC1 was shown to regulate tumor proliferation 

in colorectal cancer via the WNT signaling pathway.25 Inter-

estingly, Xing et al27 performed a bioinformatics analysis 

of colon adenocarcinoma (COAD) RNA-seq V2 exon data 

obtained from The Cancer Genome Atlas data portal, which 

included 285 tumor samples and 41 pericarcinomatous tissue 

samples. The results showed that BVES/POPDC1-AS1 and 

other three lncRNAs (MYLK-AS1, ADAMTS9-AS1, and 

FENDRR) were shown to have significant co-regulatory rela-

tionships or functional synergistic effects. All these lncRNAs 

were downregulated in COAD, suggesting their critical 

roles in the development and progression of COAD.27 The 

research also revealed another posttranscriptional modifica-

tion except for hypermethylation. However, further studies 

are warranted to illustrate the role of BVES/POPDC1-AS1 

in colorectal cancer.

BVES/POPDC1 in hepatocellular 
carcinoma (HCC)
The tight junction is one of the most important intercellular 

structures of the liver.28 The tight junction and its associ-

ated proteins are usually found to be decreased in HCC, 

such as ZO-1, Claudin-1, and twist.29–31 Our experimental 

group investigated the expression of BVES/POPDC1 in 

human HCC tissues and found that it was downregulated 

compared with that observed in corresponding paracancer-

ous tissues.32,33 The expression of BVES/POPDC1 was also 

decreased in HCC cell lines. Interestingly, the decreased 

expression of BVES/POPDC1 was related to the invasion 

potential of HCC cell lines, ie, BVES/POPDC1 expression 

was inversely correlated with the metastatic potential of 

HCC cell lines.32 Knockdown of BVES/POPDC1 triggered 

EMT, including morphological changes in cytoskeleton 

rearrangement and junctional disruption, elevated expres-

sion of matrix metalloproteinase (MMP)2, MMP9, and IL-6 

and decreased E-cadherin, and importantly, increased cell 

migration and invasion.32 Furthermore, we found that the 

phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway 

may be another important upstream regulating signal path-

way for BVES/POPDC1. Of note, the PI3K/Akt pathway 

inhibitor LY-294002 restored the decreased expression of 
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BVES/POPDC1 inhibited by rhnetrin-1.33 DNA methylation 

remains an important modification leading to the decreased 

expression of BVES/POPDC1 in HCC.34 Dong et al35 

detected the methylation status of multiple gene promoters 

in the serum of patients with hepatitis B virus (HBV)-related 

HCC, liver cirrhosis, chronic hepatitis B, and healthy indi-

viduals. The rate of hypermethylation of the BVES/POPDC1 

promoter in HCC patients was 29.59%, higher than that 

observed in those with liver cirrhosis (4%), chronic hepatitis 

B (1.11%), and healthy individuals (0). The combined detec-

tion of BVES/POPDC1 methylation with that of RASSF1A, 

HOXA9, and AFP in HCC patients yielded a sensitivity and 

specificity of 83.7% and 78.9%, respectively.35 Therefore, the 

use of a combined methylation kit for the promoters of the 

BVES/POPDC1, RASSF1A, and HOXA9 genes in the serum 

and AFP may improve the diagnosis of HBV-related HCC in 

clinical practice. However, additional research is necessary 

to confirm the effectiveness of this approach.

BVES/POPDC1 in breast cancer
Contrary to the high expression of POPDC2 and POPDC3 in 

breast cancer, the expression of BVES/POPDC1 is decreased 

at all stages of ductal breast carcinoma tissues and in all 

molecular subtypes of breast cancer (ie, luminal A, luminal B, 

human EGFR2 positive, and triple negative). Moreover, 

it is suppressed in the more aggressive breast cancer cell 

lines compared with that observed in nonmalignant breast 

cancer cells.36 Consistently with previous studies in HCC 

and gastric cancer, BVES/POPDC1 is not correlated with 

the clinical progression of breast cancer.36 This phenomenon 

suggests that the inhibition of BVES/POPDC1 is a feature of 

all clinical stages of these cancers, and the early molecular 

alteration of BVES/POPDC1 may represent an initiation 

step in the malignant process. Indeed, the suppression of 

BVES/POPDC1 promotes the migration and proliferation 

of breast cancer cells, whereas the overexpression of BVES/

POPDC1 inhibits this malignant phenotype.37 There is a 

significant inverse correlation between BVES/POPDC1 and 

EGFR expression in both stage 2 and stage 3 breast cancer 

tissues. Notably, EGF protein significantly suppressed 

BVES/POPDC1 expression in MCF7, MDA231, and SKBR3 

breast cancer cells, whereas the use of the EGFR inhibitor 

AG1478 (1 mM concentration) increased the level of BVES/

POPDC1.36 Further study found that the overexpression of 

BVES/POPDC1 attenuated EGF-mediated cell migration and 

proliferation in breast cancer cells.36 Previous studies also 

proved that the EGFR signaling pathway regulates BVES/

POPDC1 expression in certain follicle cells of Drosophila 

during oogenesis and in gastric cancer cells.20 The increased 

expression of EGF and EGF receptors has been reported to be 

a potent stimulator of cancer cell migration and invasion.38–40 

Furthermore, EGFR-targeted therapies, including mono-

clonal antibodies,41,42 tyrosine kinase inhibitors,43–45 PI3K 

inhibitors,46,47 and antisense gene therapy,48 have been shown 

to be effective in cancer cells, especially those of breast 

cancer. Therefore, in the following 10 years, molecular drugs 

targeting the EGF/BVES/POPDC1 pathway may provide 

new strategies for cancer therapy.

BVES/POPDC1 in eye neoplasms
BVES/POPDC1 is localized to an apical–lateral position 

in the initial epithelial primordia of the eye.9 Later, during 

morphogenesis and in the adult, BVES/POPDC1 is redis-

tributed in a cell type-specific manner in the cornea, lens, 

and retina.9 In an in vitro model of corneal wound healing, 

BVES/POPDC1 was found to be lost at the epithelial sur-

face during cellular migration across the wound. However, 

it was restored at the contact area during the reinitiation of 

epithelial continuity.9 Morpholino knockdown of BVES/

POPDC1 expression disrupted human corneal epithelial 

integrity. Following injury, this treatment accelerated cell 

movement at the wound surface but impacted the regenera-

tion of an intact epithelium.9 These results confirmed that 

BVES/POPDC1 regulates epithelial adhesion and movement 

during organogenesis of the eye.

Russ et al49 verified that the upregulation of BVES/

POPDC1 expression in trabecular meshwork cells leads to 

increased tight junction (TJ) formation with decreased activa-

tion of RhoA. Manipulation of BVES/POPDC1 expression 

in human corneal epithelial cell line resulted in reciprocal 

changes in epithelial–mesenchymal phenotypes.25 These 

observations indirectly identify BVES/POPDC1 as a regula-

tor of EMT. EMT in tumor cells is similar to that observed in 

wound healing and organogenesis,50 suggesting that BVES/

POPDC1 may play an important role in regulating EMT 

processes in ocular tumor cells.

BVES/POPDC1 in other diseases
BVES/POPDC1 in heart disease
BVES/POPDC1 is strongly expressed in the heart and 

skeletal muscle, and this expression pattern is observed 

in all animal models that have been studied thus far, eg, 

Drosophila,20 chick,1 zebrafish,51 Xenopus,19 and mice.12 In the 

adult heart, BVES/POPDC1 is highly expressed in the atria vs 

the ventricles.14 In addition, it is elevated in the cardiac con-

duction which includes the sinoatrial node, the atrioventricular 
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node, the His bundle, the bundle branches, and the Purkinje 

fibers.14 Functional analysis of BVES/POPDC1 suggested an 

overlapping role for proper electrical conduction in the heart 

and maintenance of structural integrity in skeletal muscle. 

In BVES/POPDC1−/− mice, the presence of stress-induced 

sinus bradycardia has been reported, following the exposure of 

BVES/POPDC1−/− mice to physical exercise, mental stress, 

or injection of isoproterenol.14 The mean heart rate of the null 

mouse mutants was significantly lower, and the sinoatrial node 

(SAN) pacemaker was pausing for different lengths of time.14 

Interestingly, this pathological phenotype was not present in 

young mice; however, at 5–8 months of age, these mutants 

displayed severe stress-induced bradycardia with episodes of 

sinus node dysfunction.14 The age-dependent phenotype in 

the mutants is reminiscent of the sick sinus syndrome (SSS), 

which is the most frequent reason for the implantation of a 

pacemaker and the most prevalent condition in elderly indi-

viduals without other heart diseases. Therefore, it has been 

speculated that, in SSS patients, the disease may be caused by 

abnormal expression or function of BVES/POPDC1.

During myocardial ischemia/reperfusion (I/R), a series 

of damaging changes that occur in myocardial ultrastructure, 

energy metabolism, cardiac function, and electrophysiology 

are more prominent after vascular recanalization.52 This 

pathological phenotype is termed myocardial I/R injury. 

Alcalay et al16 found that both the protein and mRNA levels 

of BVES/POPDC1 were decreased during I/R. Induction of 

myocardial I/R caused a marked lower functional recovery 

in BVES/POPDC1 null mutants compared with the wild-type 

(WT) as well as a larger infarct size.16 Cardiac myocytes iso-

lated from BVES/POPDC1 null mutants appeared impaired 

Ca+2 transients, increased vulnerability to oxidative stress 

and no pharmacologic preconditioning.16 Further research 

revealed the colocalization of BVES/POPDC1 with Caveo-

lin-3 (Cav3), and BVES/POPDC1 is a caveolae-associated 

protein and is important for the preservation of caveolae 

structural and functional integrity.16 A recent study performed 

by this research group using myocytes treated with BVES/

POPDC1 siRNA revealed that BVES/POPDC1 is required 

for the survival of cardiac myocytes under serum deficiency.15 

Moreover, silencing of BVES/POPDC1 in rat neonatal 

cardiomyocytes increases the expression of cell death regu-

lator Bcl-2/adenovirus E1B 19-kDa interacting protein 3 

(Bnip3), while attenuating Rac1 activity and modifying the 

interaction of FoxO3 and NF-kB transcription factors with 

the Bnip3 promoter.15 These results suggest that BVES/

POPDC1 may serve as a potential target to enhance heart 

protection. However, at present, the evidence regarding the 

role of BVES/POPDC1 in human heart disease is limited.

Zhang et al53 found that BVES/POPDC1 is one of the 

differentially expressed genes identified in ventricular septal 

defect and normal human ventricular septum myocardium 

using suppression subtractive hybridization.53 These genes 

are mainly involved in energy metabolism, cell cycle and 

growth, cytoskeleton and cell adhesion, LIM protein, zinc 

finger protein, and development. Gingold-Belfer et al54 

detected the expression of POPDC proteins in biopsies from 

non-failing and failing human hearts and found that the levels 

of BVES/POPDC1 and POPDC3 were decreased in failing 

hearts. However, inconsistent with the expression pattern 

observed in mice, BVES/POPDC1 was expressed in the four 

human heart chambers and its expression levels were higher 

in the ventricles than in the atria.54 These differences may be 

due to compartment-dependent differences. Schindler et al 

identified a BVES/POPDC1 missense variant (S201F) via 

whole-exome sequencing in a family of four individuals with 

cardiac arrhythmias and limb-girdle muscular dystrophy.55 

Interestingly, forced expression of BVES/POPDC1S201F in 

murine cardiac muscle cells increased the hyperpolarization 

and upstroke velocity of the action potential.55 Furthermore, 

expressing the homologous mutation of BVES/POPDC1S191F 

in zebrafish resulted in heart and skeletal muscle phenotypes, 

as observed in patients.55 This was the first and only study to 

identify BVES/POPDC1 as a disease-causing gene in human 

heart diseases.

BVES/POPDC1 and stem cells
Stem cells are an important resource for tissue repair, regen-

eration, and tumorigenesis.56 A recent study investigated 

the role of BVES/POPDC1 in mice intestine after ionizing 

radiation exposure.57 In the study, BVES/POPDC1−/− mice 

presented with increased crypt size, and the elevated prolif-

eration and expression of stem cell markers (eg, Lgr5, Ascl2, 

Olfm4, Nanog, Sox9, Lrig1, and Bmi1) and the ex vivo 

BVES/POPDC1−/− enteroid model exhibited increased 

stemness with increased plating efficiency, proportion of 

stem spheroids, retention of cystic structures, amplified 

WNT signaling, and responsiveness to WNT activation.57 

BVES/POPDC1 expression was decreased in WT mice that 

underwent radiation.57 Moreover, after radiation, BVES/

POPDC1−/− mice showed significantly greater crypt 

viability compared with WT mice.57 Therefore, these data 

suggested that BVES/POPDC1 – apart from an intestinal 

epithelial adhesion molecule – is a key regulator of intes-

tinal stem cell programming and intestinal homeostasis. 

However, the role of BVES/POPDC1 in cancer stem cells 

remains unclear.
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Potential downstream signaling 
pathway of BVES/POPDC1
Previous studies have shown that BVES/POPDC1 is a cell 

adhesion molecule, inhibited in multiple types of solid 

tumors. However, an increasing number of recent studies have 

found that BVES/POPDC1 regulates EMT25,32 and modifies 

intestinal permeability58 and stem cell programs,57 etc.  

Determining the downstream signaling pathways of BVES/

POPDC1 may provide new insights into tumor research and 

intervention targeting BVES/POPDC1. We have shown the 

possible upstream and downstream mechanisms of BVES/

POPDC1 in Figure 2.

GEFT/Rho signaling
GEFT, also known as p63RhoGEF or ARHGEF25, belongs 

to the Rho guanine nucleotide exchange factor (GEF) 

family.59,60 GEFT modulates the active state of Rho GTPases 

by stimulating the exchange of guanosine diphosphate for 

GTP52,61,62 and further regulates cell proliferation, migra-

tion, cell–cell adhesion, and cell cycle regulation.63–66 Rac1, 

Cdc42, and RhoA are the main members of the Rho family 

of GTPases. These proteins are found to be upregulated in 

human tumors, such as breast, testicular, ovarian, liver, and 

colorectal cancers, and promote the proliferation, migra-

tion, and invasiveness of cancer cells.67–70 GEFT is the first 

identified protein directly interacting with BVES/POPDC1. 

BVES/POPDC1 is mainly localized in the plasma membrane; 

thus, the BVES/POPDC1–GEFT interaction results in GEFT 

being “detained” in the plasma membrane, leading to a 

decreased number and activation of GEFT in the cytoplasm.71 

Exogenous expression of BVES/POPDC1 reduced Rac1 

and Cdc42 activity; however, it does not affect the levels 

of active RhoA in NIH 3T3 cells.71 Another research group 

found that the increased expression of BVES/POPDC1 in 

trabecular meshwork cells and human corneal epithelial 

cells led to increased formation of the tight junction with 

decreased activation of RhoA.49,72 GEF-H1, also known as 

ARHGEF2, is another Rho GTPase.73,74 Consistent with 

the aforementioned study, in the research, the investigators 

speculated that BVES/POPDC1 is combined with ZO-1 

and cingulin to form a tight junction complex, sequestering 

GEF-H1 in the plasma membrane and modulating RhoA 

signaling.72 Recently, upregulation of BVES/POPDC1 and 

inactivation of the RhoA/Rock pathway were observed in the 

mesenchymal–epithelial transition (MET) of pig fibroblasts75 

and human HCC cells.76 Using an RhoA-GTPase activation 

assay, our group demonstrated that the suppression of BVES/

POPDC1 increased RhoA activity, thereby promoting cell 

migration and invasion. In contrast, the overexpression of 

BVES/POPDC1 decreased RhoA activity in HCC cells.33 

More recently, we observed the colocalization of BVES/

POPDC1, ZO-1, and GEFT in liver tissues and cells and 

disappearance in HCC tissues and cells (unpublished data). 

Based on these findings, this colocalization may be the 

mechanism through which BVES/POPDC1 directly inhibits 

Rho activity.

Figure 2 The upstream effectors and downstream targets of POPDC1/BVES.
Notes: → represents promotion or elevation; ⊣ represents inhibition or decrease.
Abbreviations: ECM, extracellular matrix; EMT, epithelial–mesenchymal transition.

α

β

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy 2019:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1286

Han et al

WNT signaling
WNT signaling plays central roles in embryogenesis, tissue 

homeostasis, wound repair, and malignancy.77,78 Cellular 

adhesion complexes, including tight and adherens junc-

tions, have been confirmed to be closely related to WNT 

signaling.79–81 Adherens junctions are modulators of canonical 

WNT signaling through sequestration of β-catenin at the cell 

membrane.82,83 Similarly, tight junctions play a fundamental 

role in outside-in signaling cascades for WNT signaling.84 

BVES/POPDC1 is an important regulator of intercellular 

connection, regulating the expression of E-cadherin in 

multiple cell lines and tumors.25,32 In thymosin β4-treated 

mice, BVES/POPDC1 was increased and accompanied by 

elevated expression of β-catenin.85 Furthermore, BVES/

POPDC1 modulates the localization of β-catenin and WNT 

transcriptional activity in human colorectal carcinoma cells. 

In addition, the overexpression of BVES/POPDC1 increased 

the membrane-bound localization of β-catenin, whereas it 

decreased cytoplasmic expression.25 These in vitro results 

are consistent with those observed in vivo. The cytoplasmic 

levels of β-catenin were excessive, and its nuclear localiza-

tion in BVES/POPDC1−/− mice tumors was higher compared 

with that observed in WT micetumors.26 Meanwhile, WNT 

targets (ie, Mmp7, Wisp2, and Rspo4), were upregulated in 

BVES/POPDC1−/− mice tumors, further confirming that 

BVES/POPDC1 regulates the WNT signaling pathway.26,57

Protein phosphatase 2A (PP2A)
PP2A is one of the main serine–threonine phosphatases in 

mammalian cells. It is composed of a 65 kDa structural A 

subunit (PP2AA or PR65; α and β isoforms) and a 36-kDa 

catalytic C subunit (PP2AC; α and β isoforms).86 PP2A is 

a well-established regulator of the cell cycle and apoptosis 

by counteracting most of the kinase-driven intracellular sig-

naling pathways.87 PP2A complexes inhibit mitogenic and 

anti-apoptotic signals by dephosphorylating and inactivating 

MEK1 and ERK kinases, decreasing stability, and inhibiting 

the function of c-MYC and STAT5.88,89 In addition, PP2A 

suppresses the translation of oncogenes such as MCL1 and 

c-MYC through direct and indirect dephosphorylation of 

EIF4E.90 Similarly, PP2A exhibits pro-apoptotic activity 

by negatively regulating the PI3K/Akt pathway through 

direct Akt dephosphorylation, inactivation of anti-apoptotic 

BCL2, and activation of pro-apoptotic factors BAD and 

BIM.91 PP2A has been suggested to be genetically altered 

or functionally inactivated in many solid cancers92–94 and 

leukaemias95–97 and therefore acts as a tumor suppressor. 

Recently, Parang et al found that BVES/POPDC1 interacted 

with PR61α to promote c-Myc degradation through yeast-

two-hybrid, co-immunoprecipitation, and a proximity 

ligation assay.26 They identified a fragment (15 amino 

acids) of human BVES/POPDC1 required for the BVES/

POPDC1-PR61α interaction and c-Myc degradation. They 

also demonstrated that the regulation of WNT signaling and 

the oncogene c-Myc by BVES/POPDC1 was a key event in 

colitis-induced tumourigenesis.26 PP2A dephosphorylates a 

number of target proteins, many of which are implicated in 

tumorigenesis. Therefore, the interaction of BVES/POPDC1 

and PP2A warrants further study.

Other possible targets and signaling 
pathways
TWIK-related K+ channel 1 (TREK-1)
TREK-1 belongs to the two-pore domain potassium channel 

family, which is regulated by a large number of stimulating 

factors, such as pH, stretch, temperature, phosphorylation, 

and interacting proteins.98 TREK-1 has recently been dis-

covered to play an important role in human prostate cancer. 

TREK-1 is highly expressed in prostate cancer, unlike in 

healthy prostate or benign prostatic hyperplasia.99,100 In addi-

tion, its expression is strongly correlated with the grade and 

stage of prostate cancer.100 Overexpression of TREK-1 in 

healthy prostate epithelial cells increased their proliferation 

ability.100 In contrast, the knockdown of TREK-1 significantly 

inhibited the proliferation of prostate cancer cells.99 Recently, 

an investigation of ion channels and electrogenic proteins in 

Xenopus oocytes demonstrated that TREK-1 functionally 

interacts with BVES/POPDC1.101 Co-expression of BVES/

POPDC1 and TREK-1 stimulates a twofold higher current 

than that measured in the absence of BVES/POPDC1.101 

However, the role of BVES/POPDC1–TREK-1 interaction 

in human cancers has not been examined.

Caveolin-3
Caveolins are the major constructive component of the 

caveolae. Currently, there are three identified caveolin 

isoforms (Cav1, Cav2, and Cav3).102 Caveolins play an 

important role in the transcytosis of molecules into cells and 

regulation of signal transductions.103,104 Cav3 is the muscle-

specific isoform, which is localized to the sarcolemma in 

skeletal muscle fibers and in sarcolemma and transverse 

tubules in cardiac myocytes.105 However, its presence has 

been observed in certain solid tumors. Cav3 is frequently 

expressed in seminoma and anaplastic carcinoma.106,107 

Genetic ablation of Cav3 expression induces a lactogenic 

microenvironment, which is protective against mammary 
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tumor formation.108 Cav3 has recently been identified as an 

interaction partner of BVES/POPDC1.16,101 This interaction 

is important for the preservation of caveolae structural and 

functional integrity.101 However, its role in the development 

and progression of cancer requires further investigation.

Vesicle-associated membrane protein 3 (VAMP3)
VAMP3 is a vesicular transport protein regulating the 

recycling of transferrins, the transferrin receptor, and 

integrins.109,110 It is also involved in the secretion of MMPs, 

degradation of the extracellular matrix (ECM), and inva-

siveness of human fibrosarcoma cells.111 Loss of VAMP3 

function promotes cell migration and adhesion in human 

pancreatic cancer cells.112 BVES/POPDC1 has recently 

been shown to directly interact with VAMP3, and loss of 

BVES/POPDC1 function impairs VAMP3-mediated vesicu-

lar transport by disrupting the recycling of transferrin and 

β-1-integrin in MDCK epithelial cells.113 Furthermore, the 

expression of mutated BVES/POPDC1 disrupted integrin 

functions, resulting in impaired uptake during cell movement 

and disrupted cell spreading and adhesion.113 Based on these 

findings, the roles of BVES/POPDC1–VAMP3 in cancer 

may involve a novel BVES/POPDC1 signaling mechanism.

N-myc downstream regulated gene 4 (NDRG4)
Loss of BVES/POPDC1 or NDRG4 functions have been 

demonstrated to result in disrupted cell movement.37,114,115 

Using SPOTs and pull-down analysis, Benesh et al116 found 

that NDRG4 directly binds to BVES/POPDC1 C-terminus 

which is outside of the conserved Popeye domain. The 

BVES/POPDC1/NDRG4 interaction is important for the 

regulation of epicardial cell directional migration, and dis-

ruption of this interaction randomizes migratory patterns.116 

Furthermore, BVES/POPDC1 and NDRG4 specifically 

mediate the trafficking of internalized fibronectin via “auto-

crine ECM deposition” fibronectin recycling pathway.116 

BVES/POPDC1/NDRG4 interaction also regulates fusion 

of cell surface-bound vesicles.116 These data suggest that 

BVES/POPDC1 may have multiple roles on cellular behav-

iors affecting development, repair, and cancer invasiveness.

Bnip3
Bnip3 is one of the Bcl-2 families of cell death regulatory 

factors that functions via both the activation of Bax/Bak 

and the opening of the mitochondria permeability transition 

pores.117 The expression of Bnip3 increases during stress 

such as hypoxia through hypoxia-inducing factor-1 depen-

dent or independent mechanisms, such as transcriptionally 

regulated by RB1-E2F1, TP53, FOXO3, NF-kB, and other 

tumor-relevant transcription factors.117 Bnip3 is well studied 

in cell death, autophagy, and mitophagy.118 Recently, Klim-

inski et al15 found that the knockdown of BVES/POPDC1 in 

rat neonatal cardiomyocytes grown in serum-free medium 

reduced cell viability, facilitated mitochondrial injury, 

and upregulated Bnip3. Further, they found that BVES/

POPDC1 regulated the Bnip3 expression by modifying 

the competitive binding of FoxO3 and NFkB transcription 

factors with the Bnip3 promoter.15 In consideration of the 

multifaceted role of autophagy and mitophagy in cancer, the 

role of BVES/POPDC1-regulated Bnip3 in cancer warrants 

further study.119

cAMP is a second messenger molecule which is involved 

in many human normal physiological functions and patho-

logical state.120 There are four effectors that directly bind to 

cAMP in mammalian cells as known previously, namely 

protein kinase A (PKA), exchange protein directly acti-

vated by cAMP (Epac), cyclic nucleotide receptor involved 

in sperm function (CRIS), and cyclic nucleotide-gated ion 

(CNG) channels.120 POPDC proteins have recently demon-

strated as a novel class of cAMP effector proteins in striated 

muscle, the Popeye domain functioned as a high-affinity 

cAMP-binding site, and the binding affinity is ~10-fold 

higher than Epac and in the same level as that of PKA.14 

Amunjela et al37 have recently demonstrated that BVES/

POPDC1 co-immunoprecipitates with cAMP in breast cancer 

lines. Interestingly, cAMP increases BVES/POPDC1 protein 

levels in these cells. In addition, cAMP was supposed to 

negatively modulate the interaction of TREK-1 with POPDC 

proteins.37 Additional studies defining the BVES/POPDC1-

cAMP and its roles on cancer will be required.

Future studies
Over the previous 10 years, the expression and function of 

BVES/POPDC1 in cancer have been gradually recognized. 

All studies suggest that BVES/POPDC1 is a tumor suppressor 

gene.84 However, the correlation between BVES/POPDC1 

and tumor prognosis requires further study to provide the 

possibility of BVES/POPDC1-targeted tumor intervention 

and follow-up. Decreased BVES/POPDC1 expression occurs 

in the early stage of cancer, and promoter methylation is the 

main mechanism of BVES/POPDC1 inhibition. Therefore, 

detection of the level of BVES/POPDC1 methylation may 

be important for the early detection of tumors and discovery 

of precancerous lesions.

BVES/POPDC1 is highly expressed in the developing 

heart and markedly downregulated during end-stage heart 
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failure.54 Deficiency in BVES/POPDC1 leads to sinus node 

dysfunction in aged mice14,121 and humans born with Fallot’s 

tetralogy,122 suggesting its involvement in heart pathology 

and morphogenesis.101 Considering the differential expres-

sion of BVES/POPDC1 in the heart and tumors, we speculate 

that BVES/POPDC1 may play a role in tumor-related heart 

disease and cardiac disease caused by antineoplastic drugs. 

However, this potential role of BVES/POPDC1 requires 

further study by oncologists and cardiologists.

We recently found that BVES/POPDC1 participates 

in “cancer cell extrusion”, by which cancer cells leave the 

primary tumor and initiate local or distant metastasis.123 

Mediation of this process by BVES/POPDC1 may be another 

important mechanism by which it inhibits tumor metastasis, 

especially in gastrointestinal tumors.124–126 More recently, 

BVES/POPDC1 was found to regulate intestinal stem cell 

programming after exposure to radiation,57 suggesting a 

potential role in the treatment of cancer using stem cells.

Overall, in the previous decade, the research on BVES/

POPDC1 has shown great promise. Further research, based 

on the currently available evidence, is warranted to evaluate 

the role of BVES/POPDC1 in human disease.
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