
Translational Oncology 18 (2022) 101365

1936-5233/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Selenium binding protein 1 inhibits tumor angiogenesis in colorectal 
cancers by blocking the Delta-like ligand 4/Notch1 signaling pathway 

Xiaotian Zhang a,1, Runqi Hong a,1, Lanxin Bei b,1, Ju Yang c, Xiaomei Zhao d, Zhiqing Hu a, 
Liang Chen a, He Meng b, Qian Zhang e, Gengming Niu a,*, Ying Yue a,*, Chongwei Ke a,* 

a Department of General Surgery, Shanghai Fifth People’s Hospital, Fudan University, 801 Heqing Road, Minhang District, Shanghai 200240, China 
b Department of Animal Science, School of Agriculture and Biology, Shanghai Jiao Tong University, Shanghai 200240, China 
c Department of Pathology, Shanghai Fifth People’s Hospital, Fudan University, Shanghai 200240, China 
d Department of Medicine, Dongying New District Hospital, Dongying, Shandong 257000, China 
e Department of Orthopedics, The Affiliated Huaihai Hospital of Xuzhou Medical University, Xuzhou, Jiangsu 221300, China   

A R T I C L E  I N F O   

Keywords: 
Selenium binding protein 
Colorectal cancer 
Angiogenesis 
Delta-like ligand 4 
Notch signaling pathway 

A B S T R A C T   

Background: Selenium binding protein 1 (SELENBP1) is frequently downregulated in malignancies such as 
colorectal cancer (CRC), however, whether it is involved in tumor angiogenesis is still unknown. 
Methods: We analyzed the expression and localization of SELENBP1 in vessels from CRC and neighboring tissues. 
We investigated the in vitro and in vivo activity of SELENBP1 in angiogenesis and explored the underlying 
mechanism. 
Results: SELENBP1 was localized to endothelial cells in addition to glandular cells, while its vascular expression 
was decreased in tumor vessels compared to that in vessels from neighboring non-tumor tissues. Gain-of-function 
and loss-of-function experiments demonstrated that SELENBP1 inhibited angiogenesis in vitro, and blocked 
communications between HUVECs and CRC cells. Overexpression of SELENBP1 in CRC cells inhibited tumor 
growth and angiogenesis, and enhanced bevacizumab-sensitivity in a mouse subcutaneous xenograft model. 
Mechanic analyses revealed that SELENBP1 may suppress tumor angiogenesis by binding with Delta-like ligand 4 
(DLL4) and antagonizing the DLL4/Notch1 signaling pathway. The inhibitory effects of SELENBP1 on in vitro 
angiogenesis could largely be rescued by DLL4. 
Conclusion: These results revealed a novel role of SELENBP1 as a potential tumor suppressor that antagonizes 
tumor angiogenesis in CRC by intervening the DLL4/Notch1 signaling pathway.   

Introduction 

Colorectal cancer (CRC) constitutes one of the most predominant and 
deadly malignancies in the world [1]. Although the diagnosis and 
treatment have been greatly improved during the past decades, many 
patients still suffer from disease recurrence and metastasis [2]. Some 
contributing factors have been identified for carcinogenesis and pro-
gression of CRC [3–5], nevertheless our understanding of these pro-
cesses is still far from enough. Characterizing the underlying 

mechanisms of carcinogenesis and tumor progression, and identifying 
potential therapeutic targets for CRC, are therefore of great importance. 

Inducing angiogenesis is one of the most well-known hallmarks of 
cancer. By generating tumor-associated neovasculature, angiogenesis 
provides sustained supply of nutrients and oxygen to tumor cells [6]. 
Among modulators of angiogenesis, vascular endothelial growth 
factor-A (VEGF-A) and its receptors are of particular importance, which 
regulate endothelial cell proliferation, migration, survival and vascular 
permeability during vasculogenesis and angiogenesis [7]. By targeting 
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VEGF and blocking its binding with the receptors, bevacizumab (Avas-
tin®) effectively inhibits tumor angiogenesis and thus has been autho-
rized to treat a variety of malignancies including metastatic CRC [7–9]. 
However, subsequent studies revealed unresponsiveness in certain pa-
tients and acquired drug resistance also appeared inevitable [8,10]. As 
one of the major molecular executioners of VEGF-mediated angiogen-
esis, the Delta-like ligand 4 (DLL4)/Notch signaling pathway also exert 
negative feedback effects on angiogenesis [7]. The possibility of com-
bined therapies against both VEGF and DLL4 has been explored and 
preliminary clinical trials are now undergoing [11]. Although the reg-
ulatory roles of these signaling pathways in mediating tumor angio-
genesis have been well-established, the unmet needs for more 
efficacious antiangiogenic targets necessitate further investigation. 

Selenium binding protein 1 (SELENBP1), one of the proteins that 
directly bind to selenium, is encoded by a gene located at chromosome 
1q21.3 near the epidermal differentiation complex, which is closely 
related to terminal differentiation of the human epidermis [12]. Previ-
ous evidences showed that SELENBP1 participated in a variety of 
physiological processes such as cell differentiation and maturation [13, 
14], protein transport and degradation [15,16], as well as H2S biosyn-
thesis and adipogenesis [17], while mutations in SELENBP1 resulted in 
dysregulated methanethiol oxidation and extraoral halitosis [18]. As a 
binding partner of selenium, SELENBP1 may contribute to carcinogen-
esis associated with selenium deficiency [19]. Actually, suppression of 
SELENBP1 has been associated with carcinogenesis and disease pro-
gression in CRC [13,20] and many other malignancies [21–28]; how-
ever, whether SELENBP1 regulates tumor angiogenesis remains to be 
elucidated. 

In the current study, we characterized the in vitro and in vivo regu-
lation of tumor angiogenesis by SELENBP1 in CRC. We then explored the 
underlying mechanism and uncovered the regulatory effects of SELENBP 
on the DLL4/Notch signaling pathway. The aim of our study was to 
elucidate the regulatory roles of SELENBP1 in CRC angiogenesis and 
explore its underlying mechanism. 

Materials and methods 

Access to public datasets 

We retrieved two CRC datasets from the gene expression omnibus 
(GEO) database [29], including GSE21510 [30] and GSE87211 [31]. We 
also downloaded the TCGA COAD and READ datasets from UCSC Xena 
(https://xenabrowser.net/heatmap/) and combined them into one CRC 
dataset2. These three datasets were utilized to conduct a Gene Set 
Enrichment Analysis (GSEA) to explore the potential involvement of 
SELENBP1 in tumor angiogenesis [32,33]. Gene sets with a false dis-
covery rate q-value < 0.25 and nominal p value < 0.05 were regarded as 
significantly enriched. We retrieved another GEO dataset (GSE104645) 
which included CRC patients who received oxaliplatin based therapy. 
Some patients in this dataset also took bevacizumab concurrently and 
their transcriptomic data was utilized to screen differentially expressed 
genes that may relate to bevacizumab resistance. 

CRC tissue microarray (TMA) and immunofluorescence (IF) staining 

This study was approved by the Institutional Ethics Committee at 
Shanghai Fifth People’s Hospital and adhered to the principles listed in 
the Declaration of Helsinki. Informed consent was obtained from all 
patients. Collection of clinical samples and preparation of TMA were 
performed as described previously [34]. The TMA was stained with 
antibodies against SELENBP1 and CD31 (see Table S1 for detailed 
antibody information) by Wuhan Servicebio Technology CO., LTD 

(Wuhan, China) according to their standard protocols as previously 
described [35]. The microvessel density (MVD) and percent of 
SELENBP1-positive vessels were quantified using ImageJ 1.44p (NIH, 
USA). 

Cell culture 

Two human CRC cell lines HCT116 and HCT-15 were obtained from 
the Cell Bank of Chinese Academy of Sciences (Shanghai, China), and 
were cultured in DMEM medium supplemented with 10% FBS, 100 µg/ 
ml of penicillin, and 100 mg/ml of streptomycin. The Human Umbilical 
Vascular Endothelial Cells (HUVECs) were purchased from Kelei Cor-
poration (Shanghai China) and cultured on plates coated with 30 μg/ml 
vitrogen (Collagen Biomaterials, Palo Alto, CA) in ECM medium sup-
plemented with 10% fetal bovine serum, endothelial cell growth sup-
plements and antibiotic solution (Sciencell Research Laboratories, USA). 
All cells had been validated by short tandem repeat (STR) profiling. Cells 
were cultured at 37℃ with 5% CO2 in a humidified incubator (Thermo, 
Waltham, MA) [34]. 

Ectopic expression or silencing of SELENBP1 and DLL4 

Lentiviral plasmids expressing SELENBP1 (using GV367 vector), 
DLL4 (using GV358 vector), short hairpin RNA (shRNA) oligos of 
SELENBP1 or DLL4 (using GV248 vector), or respective controls were 
constructed by Shanghai Genechem Co., LTD (Shanghai, China). The 
target sequences were CACTTATATGTATGGGACT (shSELENBP1); 
ACCAGAAGAAGGAGCTGGAAGTGGACTGT (shDLL4) and 
TTCTCCGAACGTGTCACGT (scramble control). Transfection and con-
struction of stable transfectants were performed as previously reported 
[34]. 

Cell proliferation and colony formation assays 

These assays were conducted as described in our previously study 
[34]. 

Transwell® migration and invasion assays 

These assays were performed as previously described by Pijuan et al 
[36]. Briefly, cells (4 × 105 cells/ml) were seeded in serum-free DMEM 
or ECM medium in the top chamber of a Transwell® insert coated 
without (migration assay) or with (invasion assay) Matrigel. The me-
dium containing 20% FBS in the lower chamber served as a chemo-
attractant. After incubation for 24 h at 37 ◦C, the cells on the top side of 
the membrane were removed with a cotton swab, and those on the 
bottom side were fixed with methanol for 20 min and then stained with 
crystal violet (0.1% in PBS) for 15 min. Five randomly selected fields per 
well were photographed, and the numbers of migrated cells were 
counted. 

Tuber formation assay 

The tuber formation assay was performed as previously described by 
Qin et al [37]. Briefly, serum-starved HUVECs transduced with indicated 
lentiviruses were seeded at a density of 1 × 105 cells in 12-well plates 
coated with 0.5 mL of growth-factor–reduced Matrigel and incubated for 
6 h, then washed with PBS and photographed. Total tube lengths and 
Nb-junctions were calculated using ImageJ 1.44p (NIH, USA). 

Preparation of conditioned medium (CM) 

CMs from HUVECs or HCT-15 cells transduced with indicated len-
tiviruses were collected as previously described [38]. Briefly, stably 
transfected cells (1 × 106) were seeded into 100 mm dishes containing 
10 mL of respective complete culture medium for 24 h and washed twice 

2 The results <published or shown> here are in whole or part based upon 
data generated by the TCGA Research Network: http://cancergenome.nih.gov/. 
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with serum-free medium. The cells were then cultured in serum-free 
DMEM or ECM for another 24 h, and the supernatants were collected, 
centrifuged, filtered, and stored at -20 ◦C until use. 

Protein extraction and western blotting 

Proteins were extracted and plotted as previously described [39]. 
Antibodies used are listed in Table S1. GAPDH (1:2000 dilutions) served 

as a loading control. 

The subcutaneous xenograft model 

Female athymic BALB/c nude mice of 6–8 weeks old were purchased 
from Charles River Laboratories (Beijing, China) and maintained in the 
Animal Experimental Facility of Normal University of Eastern China in a 
pathogen-free environment. HCT-116 cells (2 × 106/mouse) stably 

Fig. 1. SELENBP1 is closely related to angiogenesis in CRC. The GSEA analyses revealed that higher expression of SELENBP1 was negatively correlated with 
angiogenesis in CRCs from three transcriptomic datasets (A). IF staining of a TMA consisting 80 NTs and 100 CRCs demonstrated that SELENBP1 was most abundant 
in glandular cells (yellow arrow head) and endothelial cells (white arrow head), and its abundance was more remarkable in microvessels from NTs than that from 
CRCs (B). Quantification of MVD using CD31 as the microvascular indicator showed that the average vessel number increased while the percent of SELENBP1 positive 
vessels decreased in CRCs, compared to that in NTs (C). Abbreviations: CRC, colorectal cancer; FDR, false discover rate; IF, immunofluorescence; NES, normalized 
enrichment score; NT, normal tissue; SELENBP1, selenium binding protein 1; TCGA, The Cancer Genome Atlas. ****p < 0.0001 vs. the control. 
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expressing SELENBP1 or the vector were seeded subcutaneously into 
flanks of mice (n = 5 per group) and tumor growth was closely moni-
tored twice a week (tumor volume = length × width2× 3.14/6). One 
month after inoculation, tumors were isolated and growth curves were 
drawn. Tumor samples were prepared for further use. After the inhibi-
tory effects of SELENBP1 on tumor angiogenesis had been confirmed, we 
inoculated HCT-116 cells (2 × 106/mouse) stably expressing SELENBP1 
or the vector to another two groups of mice (n = 5 per group). Once 

tumors became observable, bevacizumab was administered to the mice 
(4 mg/kg, i.p.), twice a week for five weeks. Tumor growth was moni-
tored and compared between the two groups. All experiment procedures 
were conducted according to the Animal Care and Use guideline and 
were approved by the Animal Care Committee at Normal University of 
Eastern China. 

Fig. 2. SELENBP1 inhibits in vitro angiogenesis. HUVECs were transduced with lentiviruses carrying SELENBP1, shSELENBP1, or respective controls (A), and un-
derwent CCK8 (B), colony formation (C), Transwell migration (D) and invasion (E), and tube formation (F) assays. Abbreviations: GAPDH, glyceraldehyde-3- 
phosphate dehydrogenase; HUVECs, human umbilical vascular endothelial cells; SELENBP1, selenium binding protein 1. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001 vs. the control group. 
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Immunohistochemical (IHC) staining 

Tumor samples from the mice were formalin-fixed and paraffin- 
embedded, then cut into 5 μm slides and underwent IHC staining by 
Wuhan Servicebio Technology CO., LTD (Wuhan, China), using an 
antibody against CD31. Numbers of CD31-labelled microvessels were 
counted using ImageJ 1.44p (NIH, USA) to generate the MVD. 

Coimmunoprecipitation (CoIP) 

For the CoIP assay, we used both tag-labeled antibodies and IP- 
specific antibodies according to the immunoprecipitation (IP) tech-
nical guide and protocols of Thermo Scientific (Tech tip #64, Rockford, 
IL, USA). Briefly, HCT-15 cells and HUVECs were transduced with HA- 
SELENBP1 and/or Flag-DLL4 for 48 h, and then cell lysates were 
collected by IP lysis buffer (SB-BR040, Sharebio, Shanghai, China) and 
subjected to overnight incubation with tag antibodies at 4 ◦C under 
constant vibration. The beads (YJ003, EPIZYME, Shanghai, China) were 
added, and precipitated proteins were collected for subsequent western 
blot analysis. Alternatively, untreated HCT-15 cells and HUVECs were 
lysated and incubated with IP-specific antibodies against SELENBP1 and 
DLL4 to determine their endogenous binding. 

Statistical analyses 

Analyses were performed using GraphPad Prism7 (GraphPad, San 
Diego, CA, USA) and Microsoft Excel 2010 (Microsoft, Redmond, WA, 
USA). Independent sample t-test was performed for comparison of 

continuous variables between two groups. One-way analysis of variance 
(ANOVA) or two-way ANOVA was performed for comparisons of 
continuous variables among three or more groups, with Dunnett’s post- 
hoc multiple comparison. Nonparametric tests were performed if data 
did not follow a normal distribution. Statistical significance was defined 
as a value of p <0.05. All statistical tests were two-sided. 

Results 

SELENBP1 is a potential modulator of angiogenesis in CRC 

The GSEA program is developed by Broad Institute of Massachusetts 
Institute of Technology and Harvard, which greatly facilitates gene 
function annotations by helping evaluate microarray data at the level of 
gene sets [32]. To uncover the modulating role of SELENBP1 in tumor 
angiogenesis, we first conducted GSEA analyses using three public 
transcriptomic datasets. We divided CRC samples in each dataset into 
high and low expression groups according to expression of SELENBP1 in 
these samples, and then explored correlation between SELENBP1 
expression and predefined gene sets in the program. The results 
demonstrated that higher expression of SELENBP1 in CRCs was nega-
tively correlated with the hallmark gene set Angiogenesis in all three 
datasets (Fig. 1A). Beside, higher expression of SELENBP1 was also 
consistently and negatively correlated with hallmark gene set 
Epithelial-Mesenchymal Transition (data not shown), indicating that 
SELENBP1 may suppress CRC progression mainly by inhibiting angio-
genesis and EMT. Next, to confirm the localization and expression of 
SELENBP1 in blood vessels, we stained a TMA with IF using antibodies 

Fig. 3. SELENBP1 inhibits aggressiveness of CRC cells and HUVECs by blocking intercellular communications. HUVECs and HCT-15 cells were transduced with 
lentiviruses carrying SELENBP1, shSELENBP1, or respective controls to prepare conditional medium. HCT-15 and HCT-116 cells were cultured in CMs from HUVECs 
and underwent migration and invasion assays (A and B). HUVECs were cultured in CMs from HCT-15 cells and underwent migration, invasion, and tube formation 
assays (C). Abbreviations: CM, conditional medium; HUVEC, human umbilical vascular endothelial cell; SELENBP1, selenium binding protein 1. *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001 vs. the control. 
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against SELENBP1 and CD31, respectively. As shown in Fig. 1B, 
SELENBP1 was localized to endothelial cells in addition to glandular 
cells, but its expression was much weaker in tumor vessels than that in 
vessels from nontumor tissues. Beside, the number of microvessels was 
higher, while the percent of SELENBP1 positive microvessels was lower 
in CRCs than that in nontumor tissues (Fig. 1C). Taken together, these 
observations suggest that SELENBP1 may be involved in regulation of 
tumor angiogenesis. 

SELENBP1 inhibits angiogenesis in vitro 

As SELENBP1 was found located in microvessels from both tumor 
and adjacent nontumor tissues, we next sought to determine its 

biological activity in angiogenesis in vitro. We ectopically overexpressed 
or silenced SELENBP1 in HUVECs (Fig. 2A) to perform CCK8, colony 
formation, Transwell® migration and invasion, and tuber formation 
assays. As shown in Fig. 2B–F, overexpression of SELENBP1 impeded, 
whereas silencing of SELENBP1 promoted proliferation, colony forma-
tion, migration, invasion, and tuber formation of HUVECs. Taken 
together, these results indicate that SELENBP1 has in vitro anti-
angiogenic capacities. 

SELENBP1 blocks the crosstalk between HUVECs and CRC cells 

As endothelial cells belong to the microenvironment of tumor cells, 
we would anticipate that SELENBP1 breaks the endothelial cell-tumor 

Fig. 4. SELENBP1 inhibits the DLL4/Notch signaling pathway. HCT-15 cells and HUVECs were transduced with HA-SELENBP1 and Flag-DLL4, and then underwent 
the CoIP assay using respective tag antibodies (A and B). HCT-15 cells and HUVECs underwent the CoIP assay using IP antibodies against SELENBP1 and DLL4, 
respectively (C and D). HCT-15 cells and HUVECs were transduced with indicated lentiviruses, and then cellular proteins were extracted and processed to undergo 
west blotting analyses using antibodies against VEGF, VEGFR2, DLL4, Notch1, RBP-JK, HES1, and GAPDH, respectively (E). Abbreviations: DLL4, Delta-like ligand 4; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HES1, Hes Family BHLH Transcription Factor 1; HUVEC, human umbilical vascular endothelial cell; IB, 
immunoblotting; IP, immunoprecipitation; RBP-JK, immunoglobulin kappa J region; SELENBP1, selenium binding protein 1; VEGF, vascular endothelial growth 
factor; VEGFR2, VEGF receptor 2. 
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cell interactions. We collected CMs from both HUVECs and HCT-15 cells 
transduced with SELENBP1, shSELENBP1, or respective controls, and 
utilized these CMs to cultivate CRC cells or HUVECs, respectively 
(Fig. S1A, B). CM from HUVECs transduced with SELENBP1 prohibited 
proliferation (Fig. S1C), colony formation (Fig. S1D), migration 
(Fig. 3A) and invasion (Fig. 3B) of HCT-15 and HCT-116 cells, while CM 
from HUVECs transduced with shSELENBP1 yielded opposite results 
(Figs. S1C, D, and 3A, B), compared to respective controls. In a similar 
way, CM from HCT-15 cells transduced with SELENBP1 suppressed 
proliferation (Fig. S1C), colony formation (Fig. S1D), migration, inva-
sion, and tube formation (Fig. 3C) of HUVECs, whereas CM from HCT-15 
cells transduced with shSELENBP1 promoted these processes (Figs. S1C, 
D, and 3C). Taken together, these experiments demonstrated that 
SELENBP1 could block the communications between endothelial cells 
and CRC cells. 

SELENBP1 inhibits the VEGF/VEGFR2 and DLL4/Notch1 signaling 
pathways 

To characterize the potential mechanism of SELENBP1 in inhibiting 
tumor progression, we previously transduced HCT-15 cells with 
SELENBP1 or vector control and conducted the immunoprecipitation/ 
mass spectrometry (IP/MS) assays to explore potential interaction pro-
teins of SELENBP1 (Table S2). Among candidate interacting proteins, we 
selected DLL4 for further validation, as DLL4 and the Notch signaling 
pathway are well known for their roles in mediating angiogenesis and 
other tumor–stroma interactions [40]. We first transduced both HCT-15 
cells and HUVECs with HA-SELENBP1 and/or Flag-DLL4, and then used 
tag antibodies to conduct the CoIP assay. The results demonstrated that 
SELENBP1 bound to DLL4 under exogenous stimulation in both cells 
(Fig. 4A, B). We then confirmed their endogenous binding in HCT-15 
and HUVECs using IP antibodies against SELENBP1 and DLL4 
(Fig. 4C, D). We next sought to determine whether SELENBP1 could 
inhibit the signaling pathways that mediate angiogenesis. HCT-15 cells 
and HUVECs were transduced with indicated lentiviruses, and then 
cellular proteins were extracted and processed to undergo western blot 

analyses. As shown in Fig. 4E, overexpression of SELENBP1 inhibited the 
VEGF/VEGFR2 and DLL4/Notch1 signaling pathways in both HCT-15 
cells and HUVECs, which was recovered by simultaneous transduction 
of DLL4; while silencing of SELENBP1 activated these two signaling 
pathways, and this effect was neutralized by co-silencing of DLL4. Taken 
together, these observations revealed a novel mechanism that 
SELENBP1 binds to DLL4 and inhibits the DLL4/Notch1 signaling 
pathway, while it may also block the VEGF/VEGFR2 signaling 
indirectly. 

SELENBP1 inhibits in vivo tumor angiogenesis 

To confirm whether SELENBP1 also suppress CRC angiogenesis in 
vivo, we inoculated HCT-116 cells that stably overexpressed SELENBP1 
or the control subcutaneously into the flanks of nude mice (n= 5/group). 
As shown in Fig. 5, SELENBP1 significantly inhibited tumor growth (A, 
B) and angiogenesis (C) in tumor tissues. In addition, SELENBP1 was co- 
localized with DLL4 in certain microvessels and suppressed the vascular 
expression of DLL4 (Fig. S2A). By contrast, the cytoplasmic co- 
localization of SELENBP1 and DLL4 in tumor tissues had no remark-
able influence on local DLL4 expression (Fig. S2B). Taken together, these 
results demonstrated that SELENBP1 has in vivo antiangiogenic capac-
ities, which may be mediated by suppression of DLL4. 

SELENBP1 enhances bevacizumab sensitivity in CRC xenografts 

In a previous study, Okita et al investigated the predictive role of the 
consensus molecular subtypes (CMS) classification for efficacy of stan-
dard chemotherapies in patients with metastatic CRC using compre-
hensive gene expression profiles [41]. A subgroup of their patients also 
received concurrent therapy of bevacizumab and presented with distinct 
responses. By analyzing data from this subgroup, we found that the 
expression of SELENBP1 was significantly dropped in patients who were 
resistant to oxaliplatin plus bevacizumab compared to that in those who 
were sensitive (Fig. 6A). By contrast, no significant difference was 
observed between patients who were resistant to oxaliplatin-based 

Fig. 5. SELENBP1 inhibits tumor angiogenesis in mice. HCT-116 cells stably overexpressing SELENBP1 or vector were inoculated subcutaneously into the right flank 
of nude mice (n = 5 per group). Tumor growth was monitored twice a week (A). On Day 25 after inoculation, mice were euthanized and tumors were photographed 
(B). Formalin-fixed and paraffin-embedded tumor blocks were cut into 5 μm sections and stained with an anti-CD31 antibody for MVD quantification (C). Abbre-
viations: MVD, microvascular density; SELENBP1, selenium binding protein 1. ****p < 0.0001 vs. the control group. 
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therapy without bevacizumab and those who were sensitive to that 
therapy (Fig. 6B). A GSEA using gene expression data from those pa-
tients who received concurrent bevacizumab revealed that 
bevacizumab-efficacy was negatively correlated with the hallmark gene 
set Angiogenesis (Fig. 6C). These results suggest that SELENBP1 might 
be suppressed during acquisition of bevacizumab-resistance in later 
stage CRCs. To further elucidate the role of SELENBP1 in 
bevacizumab-resistance, we inoculated HCT-116 cells that stably over-
expressed SELENBP1 or the control subcutaneously into the flanks of 
nude mice (n = 5/group). After tumors became observable, we injected 
bevacizumab to the mice (4 mg/kg, i.p.), twice a week for five weeks. As 
shown in Fig. 6D, E, tumor volumes increased in the vector group 
despite the administration of bevacizumab, by contrast, tumor growth 
was significantly inhibited in the SELENBP1 group. Taken together, 
these results demonstrated that SELENBP1 could be a potential thera-
peutic target for bevacizumab-resistance in CRC. 

The antiangiogenic effects of SELENBP1 are dependent on its inhibition of 
DLL4 

To further determine the relationship between SELENBP1 and DLL4 
in mediating tumor angiogenesis, we transduced HUVECs with indicated 
lentiviruses to perform CCK8, colony formation, Transwell® migration 
and invasion, and tuber formation assays. As shown in Fig. 7A–E, 
overexpression of SELENBP1 impeded, whereas silencing of SELENBP1 
promoted proliferation, colony formation, migration, invasion, and 
tuber formation of HUVECs, which could be reversed by transducing 
DLL4 or shDLL4, respectively. Taken together, these results 

demonstrated that SELENBP1 suppresses angiogenesis by inhibiting 
DLL4. 

Discussion 

In the current study, we uncovered a novel function of SELENBP1 
that suppressed tumor angiogenesis by binding to DLL4 and inhibiting 
the DLL4/Notch1 signaling pathway. To our knowledge, this is the first 
to build a connection between the potential tumor suppressor SELENBP1 
and the proangiogenic Notch signaling pathway. 

SELENBP1 is most abundant in the colon and rectum under physio-
logical conditions, as suggested by data from the Human Protein Atlas 
(www.proteinatlas.org) [42], although the significance of its tissue 
distribution is not fully understood. By contrast, the expression of 
SELENBP1 is dramatically suppressed in CRCs compared to that in 
adjacent nontumor tissues, and its suppression has been correlated with 
increased tumor malignancy and unfavorable patient prognosis [13,20, 
43,44]. These observations, along with those from other malignancies 
[21–23,28,45], suggest that suppression of SELENBP1 might be a com-
mon event during carcinogenesis and tumor progression across different 
malignancies. Thus, further investigation of the biological and patho-
logical roles of SELENBP1 is warranted. 

Being a selenium-binding protein, SELENBP1 may duplicate some of 
the roles of selenium (Se), which is an essential trace mineral indis-
pensable to human health [46]. In the form of selenocysteine, selenium 
constitutes the catalytic center of selenoproteins such as glutathione 
peroxidases, iodothyronine deiodinases, and thioredoxin reductases. 
Many of these selenoproteins function as oxidoreductases that help 

Fig. 6. SELENBP1 enhances bevacizumab-sensitivity in mice. A GEO dataset was downloaded (GSE104645) and the expression of SELENBP1 was compared between 
CRC patients who were sensitive to OX/Bev combination therapy and those who were not (A), as well as between CRC patients who were sensitive to Oxaliplatin- 
based therapy without bevacizumab and those who were not (B). A GSEA was conducted using patients who received bevacizumab-containing therapy from the same 
dataset and patients were divided into bevacizumab-sensitive and -resistant in the analysis (C). HCT-116 cells that stably overexpressed SELENBP1 or the control 
were inoculated subcutaneously into the flanks of nude mice (n = 5/group). After tumors became observable, bevacizumab was administered to the mice (4 mg/kg, i. 
p.), twice a week for five weeks. Tumor growth was monitored and compared between the two groups (D, E). Abbreviations: Bev, bevacizumab; CRC, colorectal 
cancer; FDR, false discover rate; NES, normalized enrichment score; NS, nonsignificant; OX, oxaliplatin; SELENBP1, selenium binding protein 1. *p < 0.05 vs. the 
control group. 
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maintain homeostasis of the internal environment by curbing the 
propagation of oxidative damages [47]. As such, selenium is regarded as 
an antioxidant, while inadequate selenium intake has been associated 
with increased cancer incidence and mortality [48]. Although initial 
clinical trials supported the use of dietary selenium replenishment in 
reducing the incidence and mortality of cancers [49,50], later studies 
revealed that high selenium intake did not bring benefit, or even brought 
harmful effects [51–53]. The inconsistent efficacy of selenium as a 
candidate anticancer agent may in part be ascribed to its complex in-
teractions with selenoproteins and selenium-binding proteins [15,19,23, 
43]. With this regard, the current study provides valuable evidence that 
SELENBP1 might prohibit tumor progression by inhibiting angiogenesis, 
which could shed light on future selenium-oriented studies. 

One intriguing observation in the present study was that SELENBP1 
bound to DLL4 and inhibited the DLL4/Notch1 signaling pathway, the 
latter of which is crucial to VEGF-mediated angiogenesis [7]. The human 
Notch signaling pathway has four transmembrane receptors that 
recognize ligands, such as DLL4, from neighboring cells. The varied 
distribution of Notch ligands and receptors across cell types dictates 
communications between contiguous cells, and the DLL4/Notch1 

coupling passes signals from endothelial cells to tumor cells in CRC. 
Binding with the ligands causes mature Notch receptor heterodimers to 
separate subunits, followed by cleavage of the transmembrane subunit 
and release of a Notch intracellular domain (NICD). The NICD then 
enters the nucleus to regulate downstream gene transcription [54,55]. 
Accumulating evidence has demonstrated the regulatory roles of the 
Notch pathway in a variety of tumors that boosted the development of 
Notch receptor-targeted or Notch ligand-targeted therapies. However, 
most of these agents failed to translate into promising products. 
Therefore, more specific and less toxic pharmacological modulations of 
the Notch signaling are warranted and mechanism-oriented rational 
combinations are preferable than monotherapy with this regard [40]. 
Being downstream of VEGF, the DLL4/Notch signaling is required for 
proper angiogenesis by guiding the sprouting of new vessels both 
physically and pathologically. VEGF-targeted therapy such as bev-
acizumab may trigger dysregulated DLL4 expression and Notch 
signaling, while antagonizing DLL4 could stifle tumors refractory to 
anti-VEGF therapy. These underpin the development of combination 
therapies against both VEGF and DLL4 [11,56,57]. In the present study, 
we also found that the expression of SELENBP1 was significantly 

Fig. 7. SELENBP1 may inhibits angiogenesis in CRC by suppressing DLL4. HUVECs were transduced with indicated lentiviruses and underwent CCK8 (A), colony 
formation (B), migration (C), invasion (D), and tube formation (E) assays. Abbreviations: CRC, colorectal cancer; DLL4, Delta-like ligand 4; NS, nonsignificant; 
SELENBP1, selenium binding protein 1. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. the control. #p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001 
vs. the control for rescue experiments in the CCK8 assay. 
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decreased in CRC patients unresponsive to oxaliplatin/bevacizumab 
therapy, while overexpression of SELENBP1 inhibited tumor angiogen-
esis and enhanced bevacizumab sensitivity in a subcutaneous xenograft 
model. Beside, based on the limited evidence in our study, SELENBP1 
may also negatively regulate the VEGF/VEGFR2 signaling pathway in an 
indirect way. Collectively, these observations suggest that SELENBP1 
could be a promising target for combined antiangiogenic therapy. 

Although the current study presents some novel findings that are 
clinically and scientifically meaningful, there are some inherent limi-
tations. First, we did not investigate the more specific influence of 
SELENBP1 on the VEGF signaling pathway. Second, we did not further 
explore the regulatory role of SELENBP1 in bevacizumab resistance in a 
clinical scenario. Third, we did not take into consideration other factors, 
such as exosomes, noncoding RNAs, and secretory proteins, that may be 
critically involved in the crosstalk between CRC cells and tumor vessel 
endothelial cells. In addition, although we identified DLL4 as one of the 
binding proteins of SELENBP1 in mediating tumor angiogenesis, we did 
not elucidate the molecular mechanism that leads to inhibition of DLL4 
by SELENBP1. Beside, we did not identify the potential factors that 
contributed to suppression of SELENBP1 in tumor angiogenesis in the 
current study. Finally, although we uncovered the inhibitory impact of 
SELENBP1 on tumor angiogenesis using both in vitro and in vivo models, 
we did not reproduce the in vivo results using transgenic mice that 
specifically express SELENBP1 in endothelial cells. These limitations 
should be addressed in future studies. 

Conclusion 

We uncovered a novel function of SELENBP1 which suppressed 
tumor angiogenesis by binding to DLL4 and inhibiting the DLL4/Notch1 
signaling pathway (refer to the schematic diagram). SELENBP1 is 
therefore a candidate antiangiogenic target that deserves further 
investigation. 
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