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Abstract 

Introduction  Neovascularization consists of angiogenesis and vasculogenesis during which bone marrow-derived 

endothelial progenitor cells (EPCs) are mobilized for blood vessel formation. Pigment epithelium-derived factor (PEDF) 

is known to be a potent inhibitor of angiogenesis in some solid carcinomas. However, the effects of PEDF on human 

esophageal squamous cell carcinoma (ESCC) and vasculogenesis are still unknown. The purpose of this research was 

to investigate the effect of PEDF on angiogenesis, tumor growth, and vasculogenesis in ESCC. 

Materials and Methods  The PEDF gene was transduced to the TE8 ESCC cell line not secreting endogenous PEDF 

and the HEC46 cell line originally secreting endogenous PEDF by lentivirus-based vectors expressing PEDF. In vitro 

endothelial cell proliferation and migration assays were performed using the supernatant derived from PEDF-

overexpressing cells. In in vivo experiments, the effects of PEDF on chronological tumor growth, intratumoral 

microvessel density (MVD), tumor cell apoptosis, and the frequency of EPCs in peripheral blood and tumor tissues were 

examined in murine subcutaneous tumor models. 

Results  PEDF inhibited endothelial cell proliferation and migration in vitro and showed potent in vivo antitumor 

properties by inhibiting MVD in the human ESCC cell line that did not secrete endogenous PEDF. However, in the cell 

line secreting endogenous PEDF, additional PEDF gene transfer showed no inhibition of angiogenesis and no subsequent 

antitumor properties. With respect to vasculogenesis, PEDF was found to have potential to suppress vasculogenesis; the 

frequency of EPCs both in peripheral blood and tumor tissue was decreased in mice implanted with PEDF-

overexpressing TE8 and HEC46 cells. 

Conclusion  PEDF may have potent antiangiogenic and antitumor effects in ESCC cells naturally not secreting 

endogenous PEDF and can be expected to be applied as gene therapy in the future. 
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Introduction 

Although advances in surgical technique and perioperative management including multimodality therapy have improved 

the survival of esophageal squamous cell carcinoma (ESCC), it still remains a poor-prognosis carcinoma [1-3]. Therefore, 

novel adjuvant treatments are required for esophageal cancer patients in order to improve outcomes.  

PEDF, a 50-kDa secreted glycoprotein and member of the serpin superfamily of serine protease inhibitors, was first 

purified from human retinal pigment epithelial cell-conditioned media as a factor with potent human retinoblastoma cell 

neuronal differentiating activity [4,5]. PEDF has recently been shown to be a potent inhibitor of both choroidal and 

retinal angiogenesis in animal models and has been identified as one of the most potent inhibitors of angiogenesis [6,7]. 

In regard to these anti-angiogenic and anti-tumor properties of PEDF, many reports have shown that PEDF has antitumor 

properties and antimetastatic activities based on its ability to inhibit angiogenesis [8-17].  

It was previously indicated that low PEDF expression is associated with an increased risk of hepatic metastasis for 

patients with pancreatic adenocarcinoma and short survival on immunohistochemical analysis [18]. Furthermore, PEDF 

inhibits growth of tumor resulting from subcutaneously implanted human pancreatic adenocarcinoma cell lines in mice 

[19]. The antitumor effects of PEDF in ESCC remain unknown. However, it has been assumed that PEDF might show 

antiangiogenic effects regardless of the type of cancer. The antitumor effects of tumor angiogenesis inhibition are likely 

to be very effective in more hypervascular tumors, because neovascularization is essential for the growth and metastasis 

of solid tumors [6, 20].  

Neovascularization consists of two distinct mechanisms of angiogenesis and vasculogenesis. Angiogenesis is defined as 

existing mature endothelial cells proliferating and migrating to form new blood vessels [21-24], and vasculogenesis is 

recognized as bone marrow-derived endothelial progenitor cells (EPCs) contributing to new blood vessel formation [21, 

25-29, 30, 31]. It has been identified that PEDF effectively inhibits neovascularization, particularly angiogenesis. On 

the other hand, the effects of PEDF on EPCs and EPC-mediated vasculogenesis have not been sufficiently demonstrated, 

but there was a report that a PEDF-derived peptide blocks mobilization of bone marrow-derived EPCs during retinal 

neovascularization [32]. Furthermore, the effects of PEDF on EPCs in tumor tissues were also reported [33-36], but its 

situation remains uncertain. Therefore, in the current experiment, the antiangiogenic property of PEDF transferred to 

human ESCC cell lines and the effect of PEDF on EPCs in the peripheral blood and tumor tissues were investigated. To 

the best of our knowledge, this is the first report to clarify the antitumor effects of PEDF on ESCC and the effects of 

PEDF on EPCs. 

 

 

Materials and methods 

Cell lines and mice. 

Human non-cancer cell line Het1A was purchased from American Type Culture Collection (Manassas, VA). Human 

esophageal squamous cell cancer (ESCC) cell lines TE2, TE5, TE8, TE10, and TE13 were generously provided by Dr. 

Nishihira (University of Tohoku, Japan). Human ESCC cell line HEC46 was provided by Dr. Toge (University of 

Hiroshima, Japan), and SGF7 was provided by Toyama Medical and Pharmaceutical University. The cell lines were 

propagated in monolayer cultures in Dulbecco’s modified Eagle’s medium (DMEM) for the TE series and RPMI 1640 

medium for HEC46 and SGF7, supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin. Human 

Umbilical Vein Endothelial Cells (HUVECs) and Human Microvascular Endothelial Cells (HMVECs) were purchased 



                                                    

 

- 4 - 

 

from Kurabo (Osaka, Japan) and maintained in HuMedia-EG2 medium and HuMedia-MvG medium, respectively, 

according to the manufacturer’s instructions. These cell lines were incubated at 37°C in humidified air containing 5% 

CO2. 

Four to six-week-old female BALB/c-nu/nu mice and C.B-17 SCID mice were purchased from Japan Charles River 

Laboratory (Tokyo, Japan) and maintained under specific pathogen-free conditions. All animal procedures were 

conducted according to guidelines provided by the Hokkaido University Institutional Animal Care and Use Committee 

under an approved protocol. 

 

Preparation of Supernatant Derived from Cancer Cell Lines. 

A total of 2×106 cells were seeded on 100-mm cell culture dishes. Then, cells were rinsed briefly two times with PBS 

and rinsed with serum-free medium for 4 hours. Cells were then incubated in fresh serum-free 10-mL medium for 48 

hours, and the supernatant and lysate were collected separately. The supernatants were centrifuged to remove cell debris 

and concentrated and dialyzed using 0.45 μm PVDF membrane filters (Millipore Corporation, Bedford, MA). 

 

Western blot analysis. 

Samples were resolved using 15% SDS-PAGE and then transferred to a nitrocellulose membrane (Amersham, Aylesbury, 

United Kingdom) for Western blot analysis. A monoclonal mouse anti-human PEDF antibody (Trans Genic, Kumamoto, 

Japan) was used as the primary antibody, and a goat anti-mouse immunoglobulin G (Jackson ImmunoResearch 

Laboratories, West Grove, PA) was used as the secondary antibody. Immunoreactivity was detected by an enhanced 

chemiluminescence detection system (Amersham). Recombinant human PEDF peptide, with molecular weight of 50 

kDa, was used as the positive control (Upstate, Lake Placid, NY). 

 

Construction of PEDF expression lentiviral vector. 

The human PEDF cDNA was originally cloned from a human splenic cDNA library (Clontech, Palo Alto, CA) and 

inserted into an entry vector, pENTR2B (Invitrogen). PEDF and GFP expression lentiviral vector (LV-PEDF) and PEDF 

lacking and GFP expression control vector (LV-GFP) were constructed using the ViraPower Lentiviral System 

(Invitrogen), as described previously [19]. 

 

Lentiviral transduction of human ESCC cell lines 

TE8 and HEC46 cells were plated in 60-mm cell culture dishes at a density of approximately 70% confluence and 

allowed to attach overnight for lentiviral transduction. Three times every 12 hours, the medium was replaced with 1 mL 

fresh complete medium, 300 μL lentiviral supernatant, and 8 μg/mL hexadimethrine bromide (Sigma, St. Louis, MO) to 

assist in the uptake of viral particles. Then, 48 hours after the third transduction, the cells were cultured in full growth 

medium containing blasticidin (Invitrogen) for selection of transductants. LV-PEDF-transduced human ESCC cell lines 

(TE8P and HEC46P) and LV-GFP-transduced cell lines (TE8G and HEC46G) were collected at 10 days after blasticidin 

selection. 

 

In vitro proliferation assay. 

A proliferation assay was planned to assess the effect of PEDF on cell proliferation. A total of 5×103 HUVECs or 
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HMVECs were resuspended in 100 μL culture medium, seeded in each well of a 96-well culture dish and preincubated. 

Then, 100 μL of supernatant derived from TE8-wild-type (TE8WT), TE8-infected LV-GFP (TE8G), TE8-infected LV-

PEDF (TE8P) and HEC46WT, HEC46G, and HEC46P cells, and 100 μL of HuMedia-EG2 medium or HuMedia-MvG 

medium were added, respectively. Then, 72 hours later, the proliferation rate was assessed using the Cell Counting Kit 

8 (Wako Chemicals, Osaka, Japan). The absorbance value of each well was determined at 450 and 600 nm using a 

microplate reader (Molecular Devices, Tokyo, Japan). 

 

In vitro migration assay. 

The effect of the supernatant from TE8P and HEC46P cell lines on the migration of endothelial cells was examined 

using a modified double-chamber migration assay. Inserts (8-μm pores; Costar) coated with rat tail collagen typeⅠfor 

24-well culture dishes were used as the upper chamber. HUVECs or HMVECs at passages 4 to 6 were resuspended in 

HuMedia-EG2 medium or HuMedia-MvG medium, respectively, and 1×104 cells in 250 μL medium were seeded into 

the upper chamber and preincubated. The lower chamber was filled with 600 μL of supernatant from TE8WT, TE8G, 

TE8P and HEC46WT, HEC46G, and HEC46P cells. These chambers were incubated at 37°C in humidified air 

containing 5% CO2 for 5 hours to allow the cells to migrate through the collagen-coated membranes. After the non-

migrated cells were scraped from the upper surface of the membrane, the membrane was stained with Diff-Quick 

Solution (Sysmex, Kobe, Japan). The number of stained cells was determined by microscopic counting of the cells in 

six random fields in each well under a microscope at ×200 magnification. 

 

In vivo growth of PEDF-overexpressing cells in a subcutaneous cancer cell-implant model. 

TE8 cells (4×106 cells, WT, G, P) and HEC46 cells (2×106 cells, WT, G, P) were implanted subcutaneously into the left 

flanks of BALB/c-nu/nu mice. The tumors were monitored every day and their sizes measured every 7 days after 

implantation. The tumor volume was calculated as follows: tumor volume = length×width2×0.5. The animals were 

sacrificed 28 days after subcutaneous injection, and the tumors were analyzed. 

 

Immunohistochemistry. 

Immunohistochemical reactions were carried out by the streptavidin-biotin-peroxidase method to verify overexpression 

of PEDF and GFP in tumor tissues of each group. Each slide was deparaffinized with xylene, rehydrated through a 

graded series of ethanol/water, and treated with pH8 EDTA buffer in a pressure cooker for 2 minutes. The slides were 

immunostained using the Ventana ES automated immunohistochemistry system (Ventana Medical Systems Japan, 

Yokohama, Japan). The protocol was based on an indirect biotin-avidin system and used a universal biotinylated 

immunoglobulin secondary antibody, diaminobenzidine substrate, and hematoxylin counterstain. Unstained sections 

were incubated for 32 minutes at 37°C with a mouse anti-human PEDF monoclonal antibody (Chemicon International, 

Temula, CA; 1:200 dilution) or monoclonal rabbit anti-GFP antibody (Chemicon International; 1:500 dilution). These 

antibodies were detected by adding biotinylated goat anti-mouse antibody, avidin-biotin complex, and 3,3’-

diaminobenzidine (Ventana DAB Universal Kit, Ventana-Bio Tek Solutions, Tucson, AZ). The sections were then 

counterstained in hematoxylin for 1 minute and mounted in Permount (Microslides, Muto-Glass, Tokyo, Japan). As a 

positive control, retinal pigment epithelial cells, which are known to react strongly to PEDF, were used. As negative 

controls, 10% normal mouse serum was used as the primary antibody. 
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Microvessel staining and counting. 

To evaluate the anti-angiogenic activity of PEDF, quantification of intratumoral microvessel density was performed by 

immunohistochemical analysis. The staining process was similar to that used for PEDF. Intratumoral microvessels were 

detected using a monoclonal rat anti-mouse CD34 antibody (HyCult Biotechnology, Uden, The Netherlands). The 

antibody was used at a 1:10 dilution in antibody diluent (Dako-Cytomation, Carpinteria, CA). The areas of highest 

microvessel density were chosen using low-power light microscopy. These areas, referred to as hotspots, were found by 

scanning the tumor sections at a total magnification of ×40. Once the hotspot was selected, microvessel counts were 

then performed by two independent observers at this area of highest neovascularization. The microvessel counts were 

determined at a total magnification of ×200. In all samples, the mean value of the number of microvessels was 

calculated from five independent fields. 

 

Quantitative analyses of apoptosis in PEDF-overexpressing cells in a subcutaneous tumor model. 

The antitumor efficacy of PEDF was investigated by quantitative analyses of apoptosis. Four-μm-thick sections from 

paraffin-embedded tumor sections were assayed by the terminal deoxynucleotidyl transferase–mediated dUTP nick end 

labeling (TUNEL) method using an apoptosis in situ detection kit (Wako Chemicals, Osaka, Japan) according to the 

manufacturer’s protocol. Briefly, deparaffinized sections were washed with distilled water and treated with Protein 

Digestion Enzyme for 5 min at 37°C. After washing with four changes of PBS, sections were treated with TdT solution, 

incubated with 3% hydrogen peroxide for 5 min to block endogenous peroxidase activity, and then treated with 

peroxidase-conjugated antibody for 10 min at room temperature. After washing in PBS, nick end labeling was visualized 

by immersing reacted sections in 3,3’-diaminobenzidine solution and counterstaining with methyl green. As a negative 

control, the tissue sections were incubated with TdT buffer that did not contain the enzyme. For the positive control, 

tissue sections were treated with DNaseⅠprior to treatment with TdT. In each sample, the ratio of the TUNEL-positive 

area to the total area (Apoptotic Area Ratio; AAR) was measured using NIH image (ver.1.61) at low magnification. 

Then, viable tumor volume (VTV) was approximately calculated as the tumor volume at 28 days × (100-AAR) × 1/100. 

 

Flow cytometric analysis of peripheral blood mononuclear cells (PBMCs) and endothelial progenitor cells (EPCs) 

in peripheral blood of a subcutaneous cancer cell-implant model. 

Fluorescence activated cell sorting (FACS) analysis was performed to compare the frequency of endothelial progenitor 

cells (EPCs) in each subcutaneously implanted model. Mice were bled from the right axillary vein, and peripheral blood 

mononuclear cells (PBMCs) were obtained from the whole blood of the mouse at 28 days by density centrifugation 

using Histopaque-1077 (Sigma-Aldrich, St. Louis, MO). After the red blood cells were lysed with an ammonium 

chloride lysing buffer, PBMCs per mL in peripheral blood were counted for the calculation of EPCs per mL in peripheral 

blood afterward. Then, PBMCs were incubated for 30 minutes at 4°C with fluorescein isothiocyanate (FITC) conjugated 

rat anti-mouse PromininⅠantibody (eBioscience Inc., San Diego, CA), R-phycoerythrin (R-PE) conjugated rat anti-

mouse Flk-1 antibody (BD PharMingen, San Diego, CA), and allophycocyanin (APC) conjugated rat anti-mouse CD45 

antibody (BD PharMingen). Isotype-matched rat immunoglobulin (BD PharMingen) served as a negative control. After 

centrifugation and washing, the cells were transferred to FACS tubes and fixed in 2% paraformaldehyde for FACS 

analysis on a FACSCalibur flow cytometer and CellQuest software (Becton Dickinson Immunocytometry Systems, San 
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Jose, CA). PBMC and EPC evaluations were performed by enumeration using four-color flow cytometry. First, cell 

suspensions were evaluated by a FACSCalibur using analysis gates designed to exclude debris, dead cells, and platelets 

(Fig. 1A). After acquisition of at least 100,000 cells per sample, CD45+ cells (hematopoietic cells) were excluded by 

using appropriate analysis gates (Fig. 1B). Secondly, prominin I+, Flk-1+, CD45- cells (EPCs) were evaluated using 

appropriate analysis gates. Percentages of prominin I and Flk-1 dual-staining cells were compared with appropriate 

negative controls (Fig. 1C). The upper right quadrant population identifies prominin I+, Flk-1+, CD45- cells (EPCs), 

which can be measured as a percentage of EPCs (Fig. 1D). The number of EPCs per mL in peripheral blood was 

calculated from a percentage of EPCs and the number of PBMCs per mL in peripheral blood. 

 

Immunofluorescence staining of EPCs in subcutaneous tumor tissues. 

To examine the frequency of EPCs in tumor tissues of each group, frozen sections were prepared for fluorescence 

microscopic examinations. The mice were implanted with each cell line subcutaneously and sacrificed at 28 days, and 

tumor tissues were isolated and embedded in Tissue-Tek OCT 4583 compound (Sakura, Tokyo, Japan), and snap-frozen 

in liquid nitrogen to examine them for the presence of EPCs in the tumor tissues. Then, 4-μm-thick sections were fixed 

with cold acetone, and the samples were washed three times with PBS and incubated for 30 min at room temperature 

with a protein blocking solution consisting of PBS containing 2% normal goat serum and 5% normal sheep serum. 

Excess blocking solution was drained, and the samples were incubated for 24 h at 4°C with a 1:100 dilution of FITC 

conjugated rat anti-mouse CD31 antibody (BD PharMingen). The samples were then rinsed four times with PBS and 

incubated for 24 h at 4°C with a 1:100 dilution of phycoerythrin (PE) conjugated rat anti-mouse prominin I (eBioscience 

Inc., San Diego, CA). The slides were rinsed with PBS and counterstained for 5 min at room temperature with 4’, 6-

diamidine-2’-phenylindole dihydrochloride (DAPI; Roche Diagnostics, Indianapolis, IN). The sections were then rinsed 

with distilled water and mounted in Vectashield mounting medium (Vector Laboratories, Inc, CA), and stored at 4°C 

until use. As negative controls, isotype-matched rat immunoglobulin (BD PharMingen) was used. In each subcutaneous 

model, the expression of endothelial cell antigen CD31 and bone marrow-derived cell antigen prominin I were clarified 

by immunofluorescence staining. On the merged image of CD31 and prominin I, tumor blood vessels containing EPCs 

stained yellow. The frequency of EPCs in tumor vessels was quantified by the ratio of fields contained EPCs to total 25 

fields per tissue sample at least two slides per each group at ×200 magnification. The EPC frequency was determined 

by two independent observers. Images of immunofluorescently labeled sections were obtained with a fluorescence 

microscope (Olympus AX80) equipped with a cooled CCD camera (Olympus DP71, Tokyo, Japan). All images were 

analyzed with Adobe Photoshop 6.0 software (Adobe Systems, San Jose, CA). 

 

Statistical analysis. 

All values are presented as medians±range. Significance was evaluated using the Mann-Whitney U test, and in 

subcutaneous tumor models, analysis of covariance was also used; P < 0.05 was considered significant.  

 

 

Results 

PEDF expression in human esophageal squamous cell carcinoma and non-carcinoma cell lines. 

The endogenous PEDF protein expression levels in the human esophageal non-cancer cell line Het1A and seven kinds 
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of human ESCC cell lines were screened beforehand by Western blotting analysis (data not shown). On the basis of this 

result, two cancer cell lines were selected for this investigation. One was TE8, which does not endogenously secrete 

PEDF protein, and the other was HEC46, which endogenously secretes PEDF protein (Fig. 2).  

 

PEDF expression in human esophageal squamous cell carcinoma after lentivirus-mediated gene transfer. 

The lentiviral construct that included human PEDF cDNA used in this experiment was previously described (20). To 

examine whether PEDF gene was successfully transferred to TE8 and HEC46 cells by lentivirus and secreted in 

lentivirus-infected cells, Western blotting was used. The supernatant and lysate from TE8 and HEC46 cell lines that 

were infected with either LV-PEDF or the control vector LV-GFP were analyzed. Lentivirus-mediated gene transfer that 

used LV-PEDF and the control vector LV-GFP was achieved successfully, and PEDF protein was strongly observed in 

both TE8P and HEC46P (Fig. 2). As the band of the sample from the supernatant was recognized to be denser than that 

from the lysate, the supernatant was used in the following experiments.  

 

Anti-proliferative and migration inhibitory effect of PEDF on endothelial cells. 

The supernatant from TE8WT and TE8G cells significantly promoted the proliferation of HUVECs and HMVECs, and 

the supernatant from TE8P cells significantly inhibited the proliferation of both HUVECs and HMVECs as compared 

with the supernatant from TE8WT or TE8G cells (Fig. 3A). On the other hand, the supernatant from HEC46WT and 

HEC46G cells did not promote the proliferation of HUVECs and HMVECs. Although the supernatant from HEC46P 

cells significantly suppressed the proliferation of HUVECs as compared with the supernatant from HEC46WT or 

HEC46G cells, the supernatant from HEC46P cells did not suppress the proliferation of HMVECs as compared with the 

supernatant from HEC46WT or HEC46G cells (Fig. 3B). The migrations of both HUVECs and HMVECs were 

significantly stimulated by the supernatant from TE8WT and TE8G cells and inhibited by the supernatant from TE8P 

cells in comparison with the supernatant from TE8WT or TE8G cells (Fig. 3C). In the HEC46 series, the supernatant 

from HEC46WT, HEC46G, and HEC46P did not stimulate the migrations of HUVECs and HMVECs (Fig. 3D). 

 

In vivo growth of PEDF-overexpressing cells in subcutaneous tumor models. 

The impact of PEDF overexpression on tumor growth in TE8 cells and HEC46 cells in vivo was examined using 

subcutaneous tumor models. As shown in Fig. 4A and B, tumors grew rapidly in the models implanted with untransduced 

and GFP-transduced TE8 cells, but tumor grew significantly more slowly in the model implanted with PEDF-

overexpressing TE8 cells. Overexpression of PEDF was demonstrated in xenograft tumor tissue by 

immunohistochemistry (Fig. 4C). The intratumoral microvessel density in tumor tissues derived from subcutaneously 

TE8P cell-implanted mice showed a marked reduction compared with TE8WT or TE8G cell-implanted mice (Fig. 4D, 

E). As shown in Fig. 4F, there was no difference in tumor growth among HEC46WT, HEC46G, and HEC46P cells 

despite PEDF overexpression in HEC46P cells (Fig. 4G). The intratumoral microvessel density did not differ among 

HEC46WT, HEC46G, and HEC46P cells (Fig. 4H, I). PEDF gene transferred to HEC46 cells had no effect on 

angiogenesis. The microvessel density of tumor tissues from TE8WT cells was significantly more abundant than that of 

HEC46WT cells (Fig. 4J). 

 

Evaluation of apoptotic change in subcutaneous cell implant models. 
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The apoptotic area ratio (AAR) of tumor sections from PEDF-overexpressing TE8 cells was significantly greater than 

that of TE8WT and TE8G cells. In relation to this result, viable tumor volume (VTV) in tumor implanted with PEDF-

overexpressing cells was significantly lower than in tumor implanted with TE8WT and TE8G cells. On the other hand, 

there was no difference in AAR or VTV among the tumors implanted with HEC46WT, HEC46G, and HEC46P cells 

(data not shown). 

 

Measurement of EPCs in Peripheral Blood by Flow Cytometry and Contributions of EPCs to Tumor Vessel 

Formation. 

The amount of PBMCs from TE8WT and HEC46WT-bearing mice was more abundant than that from non-tumor-

bearing mice (Fig. 5A, B). The amount of PBMCs from TE8P-bearing mice was significantly smaller than that from 

TE8WT or TE8G bearing mice (Fig. 5A). On the other hand, there was no difference in the amount of PBMCs among 

HEC46WT, HEC46G and HEC46P bearing mice (Fig. 5B). The amount of EPCs in peripheral blood from TE8WT-

bearing mice was more abundant than that from non-tumor-bearing mice, and the amount of EPCs in peripheral blood 

from TE8P-bearing mice was significantly smaller than that from TE8WT or TE8G-bearing mice (Fig. 5A). The amount 

of EPCs in peripheral blood from HEC46P-bearing mice was also significantly lower than that from HEC46WT or 

HEC46G-bearing mice (Fig. 5B). The incorporation of EPCs into each tumor tissue is shown in the representative 

fluorescence microscopic photographs (Fig 5C, D). In connection with the reduction of EPCs in peripheral blood from 

PEDF-overexpressing cell-bearing mice, the recruitment of EPCs into tumor tissue was significantly decreased in tumor 

tissue from PEDF-overexpressing TE8 and HEC46 cells-bearing mice than in that from WT and G cell-bearing mice 

(Fig. 5E).  

 

 

Discussion 

Conquering ESCC remains a major clinical problem to be solved. Existing multimodality treatments including surgical 

resection, adjuvant chemotherapy, and radiotherapy have provided unsatisfactory responses for several decades [1-3]. 

Thus, development of novel therapeutic strategies for ESCC is required. 

Angiogenesis has been already recognized to play an important role in accelerating tumor growth [20-24]. Recently, it 

has been reported that increasing PEDF expression levels in tumor tissue resulted in suppression of tumor growth and 

metastasis in various epithelial cancers in some animal models. This was mainly caused by the antiangiogenic effect of 

PEDF. Inhibition of intratumoral angiogenesis as a result of suppression of endothelial cell proliferation and migration 

by PEDF led to facilitation of cancer cell apoptosis [9-17, 19, 37]. In the present study, it was demonstrated for the first 

time that PEDF also has antiangiogenic and antitumor effects against ESCC cells. 

Neovascularization consists of two mechanisms, angiogenesis and vasculogenesis. Vasculogenesis controlled by 

keeping a balance between pro- and anti-angiogenic factors is an important mechanism of neovascularization [38, 39]. 

From the results of measurements of EPCs by flow cytometry, EPCs in peripheral blood were significantly induced in 

TE8WT-implanted mice, and they were suppressed by PEDF gene transfer. In HEC46 cells, although a significant 

increase of EPCs was not found in HEC46WT-implanted mice, the number of EPCs was significantly decreased by 

PEDF. From the result of immunofluorescence staining, the incorporation of EPCs into tumor vessel formation was also 

suppressed by PEDF gene transfer in both TE8 and HEC46 cell-implanted tumor tissues. These data suggest that PEDF 
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has potential to inhibit vasculogenesis, but it was thought that PEDF might have two mechanisms of inhibition of 

vasculogenesis: it might suppress the release of whole PBMCs including EPCs from bone marrow to peripheral blood 

in TE8, and it might directly inhibit the release of only EPCs from bone marrow to peripheral blood without affecting 

the number of PBMCs in HEC46. Supporting this, although no data were obtained in this experiment, some further 

verification, for example, the acceleration of EPC proliferation in bone marrow of WT cell-implanted mice, EPC 

mobilization from bone marrow to circulation, the incorporation of EPCs to intratumoral vessels, the differentiation of 

incorporated EPCs to mature endothelial cells, and the successive estimation of direct inhibitory effects of PEDF on 

these accelerations are desired. 

However, in HEC46 cells, the investigation for sections of intratumoral EPCs was inconsistent with the aforementioned 

in vivo effects of PEDF on intratumoral vessels and tumor growth. The reason that there was no difference in tumor 

growth among HEC46WT, G, and P, despite successful inhibition of vasculogenesis, might be due to the possibility that 

tumor growth would originally not depend on vasculogenesis as much, because a significant increase of EPCs in 

peripheral blood was not observed in HEC46WT-implanted mice compared to control mice,  unlike with TE8WT cells. 

Furthermore, this discrepancy may have its origin in the possibility that, since the proportion of angiogenesis is greater 

in neovascularization, even if a small proportion of vasculogenesis is inhibited by PEDF, the anti-tumor effect will not 

be evident. However, further examinations are needed to confirm this. 

In the in vivo experiment, although the number of PBMCs increased in both WT tumor-bearing mice, it is thought that 

antitumor immunity may participate in the increase of PBMCs in tumor-bearing mice. That is, it is thought that it is 

possible for the increase of PBMCs to be brought about by the activation of the immune mechanism for tumor cells in 

the tumor-bearing state, and that it is possible for the declining number of PBMCs in PEDF-overexpressing tumor 

bearing-mice not only to be related to the efficacy of PEDF, but also to correlate with the absolute amount of tumor. 

PEDF seems to possess both antiangiogenic and antivasculogenic effects and suppresses tumor growth by inhibiting 

neovascularization. However, in ESCC cell lines secreting endogenous PEDF, intratumoral angiogenesis is thought to 

be already in an inhibitory state of neovascularization with its lower intratumoral microvessel density. There is also the 

possibility that even if exogenous PEDF is introduced into such cell lines, the additional antiangiogenic effect of PEDF 

will not be shown, and the mechanism for inducing tumor tissues to apoptosis is also disturbed. These data suggest that 

ESCC cell lines secreting endogenous PEDF may acquire some faculty that enables tumors to grow without 

neovascularization. 

Recently, some reports have indicated that PEDF not only inhibits angiogenesis, but it also has the ability to induce 

apoptosis in tumors [40, 41]. The mechanism of PEDF-induced apoptosis in malignant tumors has not yet been 

sufficiently elaborated. However, it is thought that a functional epitope on the PEDF protein, which increases cell death 

in prostate carcinoma in vitro with the 34-mer peptide, would have the capacity to show apoptotic activity [42]. However, 

as in the present experiments, treatments that used full-length PEDF in vitro have shown significant tumor cell apoptosis 

in some malignant cells [11, 19, 41]. According to quantitative analyses of apoptosis with the measurement of AAR and 

VTV in tumor tissue, PEDF induced apoptosis in carcinoma cells and decreased viable carcinoma cells. With respect to 

PEDF-induced apoptosis, mechanisms promoting endothelial cell apoptosis in newly remodeling tumor vessels rather 

than existing mature vessels and inducing immediate tumor epithelial cell apoptosis have been described [37]. PEDF 

may be thought to have an antitumor effect by not only inhibiting neovascularization but also by directly inducing tumor 

cell apoptosis in human ESCC. However, in tumor cells secreting endogenous PEDF, the apoptotic effect induced by 
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PEDF gene transfer was weak, and viable carcinoma cells completely remained in tumor tissue. These results may 

suggest that factors other than angiogenesis and vasculogenesis have stronger effects on multiplication of tumor cells in 

the case of ESCC cells that endogenously secrete PEDF. 

In conclusion, PEDF has potential for potent antiangiogenic and antitumor properties against human ESCC, especially 

that lacking endogenous PEDF. In the future, PEDF is expected to be used as novel gene therapy for the treatment of 

ESCC. However, investigation of PEDF expression in ESCC tumor tissue is needed to select patients who would benefit 

from suitable PEDF gene therapy as tailor made therapy. 
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Fig.1 

FACS analysis of PBMCs and EPCs. 

A: Gating for PBMCs. 

B: Exclusion gate for CD45+ cells. 

C: Gating for negative control used isotype-matched rat immunoglobulin.  

D: Representative analysis showing percentage of EPCs. 

 

Fig.2 

Western blot analysis of supernatant from human esophageal non-cancer cell line Het1A and human ESCC cell lines 

TE8 and HEC46, stably transfected with LV-PEDF or LV-GFP. As a positive control, 8ng of recombinant human PEDF 

protein (rhPEDF) was used. WT; wild type, G; transfected with LV-GFP, P; transfected with LV-PEDF, PC; positive 

control, S; supernatant, L; lysate.  

 

Fig.3 

In vitro HUVECs and HMVECs proliferation and migration assay. Columns, median of six independent experiments; 

bars, range. A value of 1.0 was determined as median of control value. C; control (medium alone), WT; wild type, G; 

transfected with LV-GFP, P; transfected with LV-PEDF. ＊；p<0.05 , ＊＊；p<0.01. 

 

Fig.4 

A, F: Change every week of tumor volume of TE8WT, G, P and HEC46WT, G, P cells. Columns, median of tumor 

volume from six mice in each group; bars, range. W; wild type, G; transfected with LV-GFP, P; transfected with LV-

PEDF.＊；p<0.05. 

B: The representative photographs showing the effect of PEDF on the growth of subcutaneous cell implant models. 

C, G: The representative microphotographs of immunohistochemical staining proving GFP and PEDF expression in 

each tumor tissue. 

D, H: The representative microphotographs of immunohistochemical staining for CD34 in each tumor tissue. 

E, I: Tumor microvessel densities in each tumor section. Columns, median of tumor microvessel densities in sections 

from six mice; bars, range. ＊＊；p<0.01. 

J: Comparison of the microvessel densities in tumor tissue from TE8WT and HEC46WT subcutaneous tumor models. 

＊；p<0.05. 

 

Fig.5 

A, B: The number of PBMCs and EPCs in the peripheral blood from mice subcutaneously xenografted TE8WT, G, P 

and HEC46WT, G, P cells. Columns, median of six mice; bars, range. ＊；p<0.05 , ＊＊；p<0.01. 

C, D: The representative fluorescence microscopic photographs of immunofluorescence staining for EPCs marker, 

CD31 (green) and Prominin Ⅰ (red) in tumor tissues derived from subcutaneously xenografted TE8WT, G, P and 

HEC46WT, G, P cells. CD31 and Prominin Ⅰ double-positive cells (merged image, yellow) indicate EPCs which form 

the tumor vessels. FITC- or Phycoerythrin-conjugated normal rat IgG was used as isotype controls.  

E: Fields rate containing EPCs to total 25 fields at ×200 magnification per tissue sample extracted from six mice of each 
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group. WT; wild type, G; transfected with LV-GFP, P; transfected with LV-PEDF. A value of 1.0 shows median of WT 

value. All values are presented as median ±range. ＊＊；p<0.01. 
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