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Abstract

Tissue angiogenesis is intimately regulated during embryogenesis and postnatal develop-

ment. Defected angiogenesis contributes to aberrant development and is the main compli-

cation associated with ischemia-related diseases. We previously identified the increased

expression of RUNX1T1 in umbilical cord blood-derived endothelial colony-forming cells

(ECFCs) by gene expression microarray. However, the biological relevance of RUNX1T1 in

endothelial lineage is not defined clearly. Here, we demonstrate RUNX1T1 regulates the

survival, motility and tube forming capability of ECFCs and EA.hy926 endothelial cells by

loss-and gain-of function assays, respectively. Second, embryonic vasculatures and quantity

of bone marrow-derived angiogenic progenitors are found to be reduced in the established

Runx1t1 heterozygous knockout mice. Finally, a central RUNX1T1-regulated signature is

uncovered and VEGFA, BMP4 as well as TGF-β2 are demonstrated to mediate RUNX1T1-

orchested angiogenic activities. Taken together, our results reveal that RUNX1T1 serves as

a common angiogenic driver for vaculogenesis and functionality of endothelial lineage cells.

Therefore, the discovery and application of pharmaceutical activators for RUNX1T1 will

improve therapeutic efficacy toward ischemia by promoting neovascularization.

Introduction

The controlled formation of blood vessels including vasculogenesis and angiogenesis is essen-

tial for embryonic development [1–3]. Embryonic vaculogenesis begins with endothelial dif-

ferentiation from hemangioblasts and angioblasts in the presence of fibroblast growth factors

PLOS ONE | https://doi.org/10.1371/journal.pone.0179758 June 22, 2017 1 / 19

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Liao K-H, Chang S-J, Chang H-C, Chien C-

L, Huang T-S, Feng T-C, et al. (2017) Endothelial

angiogenesis is directed by RUNX1T1-regulated

VEGFA, BMP4 and TGF-β2 expression. PLoS ONE

12(6): e0179758. https://doi.org/10.1371/journal.

pone.0179758

Editor: Ramani Ramchandran, Medical College of

Wisconsin, UNITED STATES

Received: January 10, 2017

Accepted: June 2, 2017

Published: June 22, 2017

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work is supported by Ministry of

Science and Technology (MOST; 104-2321-B-101-

027 to S.H.Y; 103-2314-B-010-053-MY3 to O.K.L;

104-0210-01-09-02, and 103-2633-H-010-001 to

M.H.Y and 105-2320-B-038-009-MY2 to W.L.H),

Yuan’s General Hospital (106YGH-TMU-02 to W.L.

H), Hsinchu Mackay Memorial Hospital (MMH-HB-

https://doi.org/10.1371/journal.pone.0179758
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179758&domain=pdf&date_stamp=2017-06-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179758&domain=pdf&date_stamp=2017-06-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179758&domain=pdf&date_stamp=2017-06-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179758&domain=pdf&date_stamp=2017-06-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179758&domain=pdf&date_stamp=2017-06-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0179758&domain=pdf&date_stamp=2017-06-22
https://doi.org/10.1371/journal.pone.0179758
https://doi.org/10.1371/journal.pone.0179758
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/


(FGF) [4] followed by vascular endothelial growth factor (VEGF)-assisted assembly of primor-

dial vessels [5]. The expression of BMP4 further enhances VEGF expression for outgrowth of

an immature vascular system [6]. Angiogenesis occurs after vaculogenesis and acts through

the recruitment of mesodermal progenitors and assembly of mesodermal precursors to pre-

existing vessels for de novo blood vessel formation [7]. The expression of these angiogenic pro-

teins are required for vasculogenesis-to-angiogenesis transition [8–10] and the homozygous

deletion of VEGFA and BMP4 results in embryonic lethality [11–13].

Endothelial progenitor cells (EPCs) have been identified in mouse bone marrow [14],

human peripheral blood human as well as cord blood [15, 16] for therapeutic angiogenesis.

Upon tissue injuries, EPCs migrate to ischemic sites, proliferate and differentiate into endothe-

lial cells (ECs) for regeneration [7, 17]. Human EPCs have been classified into two sub-popula-

tions; circulating angiogenic cells (CACs) and endothelial colony-forming cells (ECFCs) based

on their phenotypic and functional properties [16, 18]. Specifically, ECFCs are able to generate

tube-like structures, while CACs augment tubulogenesis by secreting paracrine factors includ-

ing VEGFA [19, 20]. Poor angiogenesis and a lack of repair of the vasculature are main patho-

logical features in diabetes, atherosclerosis and myocardial infarction [21–23]. The quantity of

circulating ECFCs has been negatively correlated with the increased risk for cardiovascular

disease [24, 25]. Mechanistically, the increased expression of miR-361-5p in diseased EPCs of

coronary artery disease patients suppresses their angiogenesis capabilities by targeting VEGF

expression [26].

RUNX1T1 (RUNX1 translocation partner 1), also named as ETO, CBFA2T1, MTG8 and

ZMYND2, is a member of the conserved ETO family [27]. RUNX1T1 is originally identified

through its involvement in a t(8;21) translocation associated with acute myeloid leukemia

(AML) [28]. The AML-ETO fusion protein generated from a t(8;21) translocation is shown to

disrupt normal hematopoiesis for leukemogenesis in both zebra fish and murine models [29,

30]. The expression of wild-type RUNX1T1 (ETO) is abundant in heart, brain and CD34 (+)

progenitor cells [31, 32]. In addition, RUNX1T1 shows increased expression along with

hematopoietic differentiation of embryonic stem cells [33]. In our previous study, the elevated

expression of RUNX1T1 was observed in cord blood-derived ECFCs [19]. Given our rudimen-

tary knowledge toward the functionality of wild-type RUNX1T1 (ETO) in endothelial cells

and ECFCs, ECFCs were cultivated from cord blood and the Runx1t1 deficient mice were gen-

erated to interrogate impacts of RUNX1T1 on angiogenesis.

Materials and methods

Isolation and cultivation of primary endothelial cells and endothelial

progenitor cells

The use of human materials, umbilical cords and cord blood, in this study was followed the

Declaration of Helsinki and approved by the Institutional Review Board (IRB) of the MacKay

Memorial Hospital, Hsinchu, Taiwan (IRB number: 12MMHIS025 and 15MMHIS200e).

Female donors aged from 20 to 40 year old without significant disease and receiving any medi-

cation were enrolled and informed in accordance with certificated protocols. The written con-

sents were obtained for all donors prior to the collect of umbilical cords and cord blood.

For isolation of primary human umbilical vein endothelial cells (HUVECs), fresh umbilical

cords were obtained from donors. The isolated cells were cultured in M199 medium supple-

mented with heparin (20 U/ml, H3149, Sigma, St. Louis, USA), endothelial cell growth sup-

plement (Millipore, Darmstadt, Germany), 10% fetal bovine serum (FBS) and 1% penicillin/

streptomycin in flasks pre-coated with fibronectin (2.5 μg/cm2, Millipore). The culture medium

was replaced by EGM2 with endothelial supplementation (Lonza Ltd., Basel, Switzerland) and
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2% FBS at 6 hours after initial seeding and the medium was replenished every two days. The

endothelial cell line EA.hy-926 cells (926-ECs) were purchased from ATCC and cultured in

10% FBS-containing DMEM medium in dishes pre-coated with fibronectin (Millipore).

For the isolation of endothelial precursor cells (EPCs), cord blood mononuclear cells

(MNCs) were enriched by using LymphoprepTM (1.077 g/ml, StemCell, Vancouver, Canada).

A total of 1 × 107 MNCs were suspended in EGM2 containing endothelial supplements and

20% FBS, and placed on fibronectin-coated well. After four days of the initial seeding, the

attached CACs appeared and the non-adherent cells were discarded. ECFCs emerged at 2–4

weeks after initial seeding and were cultivated under 2% FBS-containing EGM2. All the cells

were trypsinized to prepare single-cell suspensions for further experiments. The first cell pas-

sage of ECFC (P1) was defined as the first appearance of ECFCs in culture. When ECFCs were

confluent in a 10 cm dish, cells were then divided and defined as Pn+1. Primary cells with less

than P7 were used for following experiments.

Generation and characterization of the Runx1t1 deficient mice

The animal study was approved by the Committee on the Ethics of Animal Experiments of the

National Yang-Ming University (Permit No. 991245, 1000509 and 1060207) and conducted

according to recommendation in the Institutional Animal Care and Use Committee of the

National Yang-Ming University. All experimental mice were housed in a specific pathogen-

free facility. The preparation of the targeting vector, selection of the targeted clones and the

generation of the chimeric mice were conducted by the Gene Knockout Mouse Core Labora-

tory of National Taiwan University Center of Genomic Medicine. The Runx1t1 conventional

deletion mice were obtained using bacterial artificial chromosome clones derived from the

129J mouse strain; these were used to create the Runx1t1 targeting vector by the recombineer-

ing method [34]. The targeting vector contained two loxP sites flanking exon 2 and exon 3 of

Runx1t1 and a neomycin selection cassette. The targeting vector was electroporated into 129J

strain embryonic stem cells that had SOX2-driven cre expression [35]; followed by southern

blot screening to identify the targeted clones. The target clones were injected into blastocysts

of 129J/C57BL/6 mice and the chimeric mice were backcrossed to C57BL/6 male and female

mice for changing the chromosome background. The Runx1t1 null allele was transmitted for

ten generations successfully. After ten generations, the C57BL/6 Runx1t1 deficient mice were

used for further investigation.

The PCR primer sequences were as follows: for retrieving the Runx1t1 genomic DNA, these

were AU2, BD2, YU2 and ZD2; for inserting the first loxP site and neo cassette, these were CU,

DD2, EU2, and FD; for inserting the second loxP site, these were GU, HD2, IU2 and JD (listed

in S1 Table). The targeting vector was then confirmed by sequencing. Following this, it was lin-

earized by DNA digestion at the vector’s unique NotI and SpeI sites and electroporated into

the ES cells. DNA from the tails of the genetically modified mice was harvested and used for

genotyping by using the primer mixture (P1, P2 and P3 was labeled in green). All the primer

sequences were listed in S1 Table. An amplicon of 388 base pairs was generated by using the

P1 and P2 primers to examine the presence of the wild-type allele. An amplicon of 532 base

pairs containing the loxP sequence was generated using the P1 and P3 primers and to validate

the presence of the target allele. To characterize the Runx1t1 deficient mice, the mice were

scarified by CO2 asphyxiation to collect embryos, bloods, and organs for further investigation.

The gross structures were inspected by using a dissecting microscope (Leica Microsystems,

Wetzlar, Germany). Complete blood cell counts were measured by using an automated hema-

tology analyzer (Sysmex, Taiwan) according to the manufacture’s procedures. For investigat-

ing thickness of vessel walls, aortas were proceed for hematoxylin and eosin stain (HE stain)
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and vessel thickness was measured every 90 degrees on captured images. Image analyses were

performed by ImageJ software (National Institutes of Health, USA).

Tube formation and transwell migration assay

For the tube formation assay, growth factor-reduced Matrigel (BD, 354230, Franklin Lakes,

New Jersey, USA) was spread into the wells of a 96-well plate at 37˚C for 1 hour to form a

reconstituted basement membrane. 2x104 cells were suspended in 100 μl of FBS containing

medium (2% FBS containing EGM-2 medium for the ECFCs and HUVEC and 10% FBS con-

taining DMEM was for EA.hy-926) and then seeded onto a Matrigel membrane for 6 hours at

37˚C. The vascular structures formed were inspected by using an inverted light microscope

(100X, Olympus, Tokyo, Japan). Images from five random fields per well were captured and

the tube length in each image was calculated by MetaMorph Microscopy Automation and

Image Analysis Software (Molecular Devices, Sunnyvale, CA, USA). For the transwell cell

migration assay, 5x104 cells were suspended in 100 μl of corresponding culture medium as

described for the tube formation assay and introduced into the upper chamber of a transwell

device with a membrane of 8.0 μm pores (Corning, 3422, NY, USA). 600 μl of 10% FBS-con-

taining medium was added to the lower chamber to create a serum gradient. After 4 hours, the

migrated cells were fixed and stained as described previously [26]. The migrated cells from five

random fields per experimental condition were captured for quantification.

In vivo Matrigel plug assay and hemoglobin assay

4x105 cells were suspended in 150 ul EGM2 medium and mixed with an equal volume of

growth factor-reduced Matrigel (354230, BD, New Jersey, USA) for subcutaneous injection in

nude mice. The mice were then sacrificed at day 14 and the Matrigel plugs were extracted. The

vasculature generated in the Matrigel plaque was inspected by using a dissecting microscope

(Leica Microsystems, Wetzlar, Germany). For the hemoglobin assay, the Matrigel plug was

immersed in RBC lysis buffer (150mM ammonium chloride (NH4Cl), 10mM potassium bicar-

bonate (KHCO3) and 0.12mM EDTA) to release the hemoglobin. After centrifugation, the

supernatant was collected and mixed with 400 μl of Drabkin’s reagent (Sigma-Aldrich, USA)

for 15 minutes at room temperature followed by optical detection at 540nm by using a multi-

well scanning spectrophotometer (Thermo, Multiskan Spectrum).

In vivo vessel permeability assay

The vessel permeability assay was performed as described previously [36]. Evans blue solution

(0.5% Evans blue (Sigma-Aldrich, St. Louis, USA) in PBS) was prepared and filtered through

0.22 μm filter. The Evans blue solution was advanced into the lateral tail vein towards the

direction of the head in mice for 60 minutes. The liver and heart were collected and immersed

in 4% paraformaldehyde for 24 hours at 55˚C before analyzing the absorbance of Evans blue

(610 nm) by using a multi-well scanning spectrophotometer (Thermo, Multiskan, Spectrum).

Plasmids, constructs and lentivirus production

pLenti4-Flag-RUNX1T1 was constructed by cloning the coding sequences of RUNX1T1 into

the RSRII site of pLenti4-Flag-CPO, which was kindly provided by Dr. Hsei-wei Wang, Insti-

tute of Microbiology and Immunology, National Yang-Ming University. The RUNX1T1
shRNA (TRCN0000271292) and the control vector (pLKO_TRC005) were purchased from the

RNAi Core Facility of the Academia Sinica, Taipei, Taiwan. All constructs were validated by

direct sequencing. For lentivirus production, the target construct, VsVg, and48.9 plasmids
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were co-transfected into 293T cells first and the lentivirus-containing supernatant was col-

lected at 48 and 72 hours post initial transfection for further infection.

Western blot analysis, flow cytometry and cell viability assay

Foe western blot, cells and tissues were harvested and lysed in protease inhibitor containing

RIPA lysis buffers. After centrifugation for 15 minutes at 14000 × g (4˚C), equal amounts of

protein sample were separated on SDS-polyacrylamide gels and blotted onto PVDF membrane

(Immobilon1, Millipore, USA). In a flow cytometry analysis, single cell suspension solution

was prepared and cells were incubated with indicated antibodies for 1 hour. The flow cytome-

try analysis was performed by FACSAria Cell-Sorting System and FACSCalibur flow cytome-

ter (BD Pharmingen, Franklin Lakes, NJ USA) with the assistance of Instrument Resource

Cenrer (IRC), National Yang-Ming University. The results were further visualized by FlowJo

(FlowJo LLC, Oregon, USA). All of the antibodies used in this study were listed in S2 Table. In

cell viability assay, cells were incubated with 0.5 mg/mL MTT (Sigma-Aldrich, St. Louis, USA)

for 2 hours at 37˚C. The MTT solution was then discarded and 0.1% SDS prepared in 2-propa-

nol were added for 5 minutes at room temperature to dissolve the purple formazan. The absor-

bance of end-point formazan was quantified by measuring absorbance at a wavelength of 570

nm by using a multi-well scanning spectrophotometer.

RNA extraction and quantitative RT-PCR

Human cells and mice tissues were immersed in TRIzol1 reagent (Life Technologies, Inc.,

Carlsbad, CA, USA) for the extraction of total RNA. All protocols followed manufacturer’s

instructions with minor modifications. Total RNA ranging from 250 ng to 1 μg of total RNA

was used to perform reverse transcription (RT) using the RevertAid™ Reverse transcriptase kit

(Fermentas, Glen Burnie, Maryland, USA) according to manufacturer’s protocols. Real-time

PCR reactions were performed using SensiFAST SYBR Hi-ROX mix (Bioline, Humber Road,

London, UK), and the amplicons were detected and analyzed using the StepOne™ sequence

detector (Life Technologies). The human gene expression was normalized to GAPDH expres-

sion. The mice gene expression level was normalized to Hprt1 expression. The relative expres-

sion was calculated by ΔΔCT methods.

Gene expression and microarray analysis

Total RNA sample preparation, cRNA probe preparation, array hybridization, RT-qPCR vali-

dation and data analysis were carried out as described previously [37]. Default RMA settings

were used to background correct, normalize and summarize all expression values via the R sta-

tistical programming language (http://www.r-project.org). In order to identify the RUNX1T1

regulated target genes in the ECFCs, the gene expression profiles of ECFC-pLKO and ECFC-

sh RUNX1T1 were analyzed by using Human Genome U133 Plus 2.0 chips (Affymetrix). The

5th passage of ECFCs was used for transduction and microarray analysis. The core RUNX1T1

regulated signature was defined as the top 500 down-regulated genes (>1.5 folds) in ECFCs-

shRUNX1T cells described in S3 Table. Gene set enrichment analysis (GSEA) was then applied

to assess the degree of association between the gene signature and various datasets obtained

from the public domain [38]. All the down-regulated genes by RUNX1T1 (S3 Table) were sub-

jected to explore the enriched biological activities by using Ingenuity Pathways Analysis (IPA)

software (Ingenuity Systems, Redwood City, CA, USA). Genes regarding to the connective

tissue development/ functioning, tissue development, organism development, organism sur-

vival and cardiovascular system development/ functioning in IPA knowledge database with p-

values less than 0.001 were extracted for establishing connectivity network. The secretory and
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membranous proteins labeled in yellow were further defined as RUNX1T1-regulated secre-

tome for validation. All the primer sequences for RT-qPCR are listed in S4 Table. The cDNA

microarry datasets used for this study are listed as following. KSHV infected and non-infected

endothelial cells (GSE16354). The gene expression microarray data for ECFC-pLKO and

ECFC-shRUNX1T1 was deposited at Gene Expression Omnibus under the accession number

GSE86594.

Antibody neutralization

The neutralizing antibodies were added to cultured medium from RUNX1T1-overexpressed

cells and treated EA.hy-926 cells (926 ECs) for 48 hours. The concentration of neutralizing

antibodies against VEGFA, BMP4 and TGF-β2 was 4 μg/ml, 3 μg/ml and 1.25 μg/ml respec-

tively. 4 μg/ml IgG antibody was used as a negative control.

Statistical analysis

Independent sample t-tests and one-way ANOVA were performed to compare continuous

variation between two groups. The Fisher’s exact test was applied for comparison of dichoto-

mous variables. All of results are expressed as mean ± standard deviation (S.D.) of three or

more biological replicates. p-values less than 0.05 were considered as significant. For animal

studies, no statistical method was used to predetermine the sample size. The experiments were

not randomised.

Results

Expression of RUNX1T1 positively correlates with the angiogenic

activities of endothelial cells and endothelial precursor cells

In order to explore angiogenic effects of RUNX1T1 in EPCs and endothelial cells, we first

compared the morphology of ECFCs and CACs from human umbilical cord blood and pri-

mary human umbilical vein endothelial cells (HUVECs). The isolated ECFCs showed cob-

blestone-like morphology (S1A Fig) and expressed progenitor cell marker CD34 as well as

endothelial cell markers including CD31, KDR and VE-cadherin (S1B Fig), suggesting the

maintenance of EPC features. It was shown that these expanded ECFCs exhibited longer tube

length compared with that of CACs and 926-ECs (EA.hy-926 cells), an endothelial cell line

commonly used for drug screening [39, 40] (Fig 1A and 1B). Next, it was found that the

RUNX1T1 expression pattern was positively associated with tube formation capacity (Fig 1C).

To ascertain the RUNX1T1-mediated angiogenic effects, we transduced a shRNA against

RUNX1T1 or a scramble sequence into ECFCs and the expression of RUNX1T1 was confirmed

by Western blotting (Fig 1D). It was found that knockdown of RUNX1T1 in ECFCs attenuated

cell viability (Fig 1E), reduced cell motility (Fig 1F, upper panel and Fig 1G) and limited the

tube-forming capability (Fig 1F, lower panel and Fig 1H). The decreased RUNX1T1 expression

down-regulated the tube branch numbers in primary ECFCs as well (Fig 1I). Similar results

were reproduced in RUNX1T1 knock-downed HUVECs (Fig 1J–1N). RUNX1T1 is known as

a transcription co-regulator during leukemogenesis [41] and may regulate angiogenic activities

of endothelial lineage cells by modulating gene expression profile. It was found that the core

RUNX1T1 signature consisted of the top 500 decreased genes (S3 Table) upon RUNX1T1
knocking down was positively correlated with the gene expression profile of KSHV infected

ECs known to exert enhanced angiogenic activity [42] by a gene set enrichment analysis

(GSEA) (Fig 1O). Moreover, we also proved the importance of RUNX1T1 in vasculogenesis by

in vivo Matrigel plaque assay. Matrigel vessels derived from RUNX1T1 knock-downed ECFCs
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shown a reduced vascularity (Fig 2A) and lower levels hemoglobin amounts (Fig 2B). Knock-

ing down RUNX1T1 expression also reduced the tube formation lengths and branch number

in vivo (Fig 2C and 2D).

To investigate the RUNX1T1 function in another endothelial cells, we established a stable

RUNX1T1-expressing cell line in 926-ECs (Fig 3A), which showed lower tube formation

capacity (Fig 1B) and expressed a relatively low level of endogenous RUNX1T1 (Fig 1C). It was

Fig 1. RUNX1T1 is required for angiogenic activity of ECFCs and HUVECs. (A) Representative pictures

for illustrating the tube formation capacity of indicated cells. Scale bar = 50 μm (B) A histogram for showing

endothelial tube lengths formed from the tube formation assay. N.D, none detected. Data represent mean±S.

D. n = 3 independent experiments. (C) The RT-qPCR results for showing the relative expression levels of

RUNX1T1 at indicated cells. ***, p<0.001 (one-way ANOVA). (D) A Western blot showing the expression

level of RUNX1T1. The band intensity was quantified and normalized to control cells. Scr, scramble control

cells; shT1, RUNX1T1-knockdowned cells. (E) A histogram for showing the relative viability of ECFCs

measured by MTT assay. **, p<0.01 (Student’s t test). (F) Representative images of the migration assay

(upper panel) and the tube formation assay (lower panel). Scale bar = 50 μm. (G) A histogram for showing the

relative motility of ECFCs. *, p<0.05 (Student’s t test). (H) A histogram showing the relative capillary formation

ability of ECFCs. *, p<0.05 (Student’s t test). (I) A histogram for showing endothelial tube branch number from

the tube formation assay. ***, p<0.001 (Student’s t test). (J) RT-qPCR results for showing the relative

expression levels of RUNX1T1 in HUVECs. **, p<0.001 (Student’s t test). (K) A histogram for showing the

relative viability of HUVECs measured by MTT assay. *, p<0.05 (Student’s t test). (L). A histogram for

showing the relative motility of HUVECs. **, p<0.01 (Student’s t test). (M). A histogram showing the relative

capillary formation ability of HUVECs. **, p<0.01 (Student’s t test). (N). A histogram showing the relative

capillary branch number of HUVECs. **, p<0.01 (Student’s t test). (O). The GSEA result showing a

correlation between the core RUNX1T1 signature and the KSHV-infection signature (GSE16354). ES:

enrichment score, FDR: false discovery rate.

https://doi.org/10.1371/journal.pone.0179758.g001
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found that forced expression of RUNX1T1 in 926-ECs improved cell viability (Fig 3B), en-

hanced cell motility (Fig 3C and 3D) and increased the tube-forming capacity (Fig 3E and 3F)

but not branch number (Fig 3G). It is reported that long-term cultivation of functional pri-

mary endothelial cells remains a challenge due to the loss of tube-forming capacity (Fig 3H)

and decreased tube branch number (Fig 3I) along with cell passages [43]. A decreased expres-

sion of RUNX1T1 was found to be proportional to the increment of cell passage number in

both ECFCs and HUVECs (Fig 3J). Collectively, RUNX1T1 is required and essential for angio-

genic activities both in vitro and in vivo.

Knocking-out Runx1t1 results in a decreased quantity of bone marrow-

derived angiogenic progenitor cells and an impairment of vessel

formation

The vasculature is established during early development and required for normal physiological

functions [44, 45]. To interrogate effects of RUNX1T1 on mammalian development, Runx1t1
deficient mice were established. The mice gene modification was described in Fig 4A. The gen-

otyping results of Runx1t1 deficient mice showed that the target allele had been included in the

F1 littermates (S2A Fig) and the decreased expression of Runx1t1 in the heterozygous mice

was examined by Western blotting (Fig 4B), confirming the feasibility of this genetic tool.

However, genotyping showed that live offspring of homozygous knock-out mice were not able

to be obtained after weaning in a total of 157 offspring (S2B Fig). Therefore, heterozygous

knock-out mice that were then used for further investigation. The bone marrows have been

considered major sources for angiogenic cells. The bone marrow-derived CD34 (+)/ KDR (+)

angiogenic progenitor cells are participated in ischemia regeneration [46] and bone marrow

CD31 (+) cells represent the highly vasculogenic cells in bone marrow [47]. It was found that

quantities of both CD34 (+)/ KDR (+) cells (Fig 4C) and CD31 (+) cells (S2C Fig) were

reduced in the adult Runx1t1 heterozygous knockout mice. By sorting CD31 (+) cells from

6-month-old Runx1t1 heterozygous knockout mice, the decreased cell viability (S2D Fig) and

Fig 2. RUNX1T1 regulates vaculogenesis of ECFCs in vivo. (A) Representative images for in vivo Matrigel

plug assay. n = 3. Scale bar = 3 mm (upper panel) and 1mm (lower panel). Arrows indicated vessels formed.

(B) The relative amounts of hemoglobin extracted from the excised matrigel plugs. *, p<0.05 (one-way

ANOVA) (C) A histogram showing the relative capillary formation ability in vivo matrigel plugs. *, p<0.05 (one-

way ANOVA), ***, p<0.001 (Student’s t test). (D) A histogram showing the relative capillary branch number in

vivo matrigel plugs. *, p<0.05 (one-way ANOVA), **, p<0.01 (Student’s t test).

https://doi.org/10.1371/journal.pone.0179758.g002
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motility (S2E Fig) were observed. Though the increased expression of RUNX1T1 has been

reported in CD34 (+) hematopoietic progenitors [32], it was found that the red blood cells,

white blood cells as well as platelet counts were not altered in Runx1t1 heterozygous knockout

mice (S2F Fig). The weights of organs and tissues examined including liver, kidney, spleen and

white adipose tissue were not significantly changed in our Runx1t1 heterozygous knockout

mice (S2G Fig). On the contrary, it was found the aorta thickness was decreased in the hetero-

zygous knockout mice (Fig 4D and 4E). As impaired vasculogenic cells and endothelial pro-

genitor cells contribute to abnormal vessel structure [48], the extravasation of Evans blue dye

were assessed [36]. It was found the Runx1t1 heterozygous deficient mice showed increased

vessel permeability (Fig 4F and 4G). Moreover, an increased Evans blue extravasation was

observed in liver and heart tissue of Runx1t1 heterozygous mice (Fig 4H). Collectively,

Runx1t1 played an essential role in the maintenance of endothelial functions.

In mouse embryos, endothelial cells are specified to form heart loop tubes and arch arteries

from E7.5 to E10.5. The outflow tract and ventricles are formed at E13.5 [49]. To investigate

on the effects of Runx1t1 on embryonic development, the mouse embryos from E10.5 to

Fig 3. RUNX1T1 is sufficient to enhance angiogenic activity of endothelial cells. (A) Western blots

showing for RUNX1T1 expression levels in 926-EC. VEC, vector control cells; ROV, ectopically RUNX1T1-

expressing cells. The band intensity was quantified and normalized to control cells. (B) A histogram showing

the relative viability of 926-EC measured by MTT assay. **, p<0.01 (Student’s t test). Data represent

mean ± S.D. n = 3 independent experiments. (C) A histogram showing the relative motility of 926-EC. ***,

p<0.001 (Student’s t test). (D) Representative images of transwell migration assays. Scale bar = 50 μm. (E) A

histogram showing relative capillary formation ability of 926-EC. ***, p<0.001 (Student’s t test). (F)

Representative images for the tube formation assays. Scale bar = 50 μm. (G) A histogram showing the

relative capillary branch number of 926-ECs. (H) A histogram for showing the relative capillary formation

capacity of the ECFCs (left panel) and the HUVECs (right panel) of different passage numbers. P4, the fourth

passaged cells; P6, the sixth passaged cells. *, p<0.05; **, p<0.01 (Student’s t test). (I) A histogram for

showing the relative capillary branch number of the ECFCs (left panel) and the HUVECs (right panel) of

different passage numbers. *, p<0.05; **, p<0.01 (Student’s t test). (J) RT-qPCR results for showing the

relative expression levels of RUNX1T1 in ECFCs (left panel) and HUVECs (right panel) of different passage

numbers. ***, p<0.001 (Student’s t test).

https://doi.org/10.1371/journal.pone.0179758.g003
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E13.75 were collected for characterization. The loss of live homozygous offspring was observed

during E10.5 to E13.75 (S2H Fig) and indicated that homozygous deletion of Runx1t1 resulted

in embryonic lethality. The heterozygous decidua was found to have fewer vascular structures

than that of the wild type mice at E10.5 (Fig 5A). These heterozygous embryos also exhibited

impaired cerebral vessels at E10.5 (Fig 5B), E12.5 (S2I Fig) and E13.75 (Fig 5C) as pointed out

by arrow. After calculation, we noted that more than sixty percent of heterozygous Runx1t1
deficient embryos exhibited aberrant vasculatures (Fig 5D). Cumulatively, expression of

RUNX1T1 is participated in vasculature development and maintenance of quantity of angio-

genic progenitor cells.

Fig 4. The decreased quantity of bone marrow-derived angiogenic progenitor cells and impaired

aorta are observed in Runx1t1 deficient mice. (A) A schematic representation of the gene-targeting

strategy. The P1, P2 and P3 primers were used for the genotyping. The loxP sequence and a FRT-floxed

neomycin cassette was introduced into intron 2 and another loxP sequence was inserted into intron 4 to allow

Cre-ceconbinase-mediated removal of exons 2 and exon 3. E, exon; Kb, kilobase; Cre, cre-recombinase.

(B) A Western blot showing the expression of Runx1t1 in the aorta of 6-month-old wild-type (+/+) and

heterozygous Runx1t1 knockout (+/-) mice. The band intensity was quantified and normalized to control cells.

(C) The histograms for showing percentage of bone marrow-derived CD34 (+)/KDR (+) angiogenic precursor

cells of indicated mice. *, p<0.05 (Student’s t-test); **, p<0.01 (Student’s t-test). Data represent mean ± S.D.

n = 4 for each group (D) The quantification of thickness for aorta wall at indicated mice. n = 4 for each group,

6-month-old mice.*, p<0.05 (Student’s t test). (E) The histological images of aortas from indicated mice by

hematoxylin and eosin staining. n = 4 for each group. Scale bar = 100 μm. (F). Representative pictures for

Evans blue extravasation assay in the 6-month-old wild-type (+/+) and heterozygous Runx1t1 knockout (+/-)

mice. Arrows indicated relative location of extravasation observed in heterozygous Runx1t1 knockout (+/-)

mice. Star indicated the location of liver. (G) The histogram for showing percentage of aberrant vessel

permeability in Runx1t1 deficient mice. n (total mice number used for analysis) = 9 and 8 for 6-month-old wild-

type mice (+/+) and Runx1t1 heterozygous mice (+/-), respectively. *, p<0.05, (Fisher’s exact test). (H) The

histogram for showing quantification of Evans blue extravasation in liver (upper panel) and heart (lower panel)

of Runx1t1 deficient mice (+/-).*, p<0.05; **, p<0.01 (Student’s t-test).

https://doi.org/10.1371/journal.pone.0179758.g004
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Identification of the central regulators involved in RUNX1T1-mediated

angiogenic activity during blood vessel formation

Given that gene functions work together to bring about biological processes and RUNX1T1

expression is highly involved in vasculogenesis and EPC development, we then investigated

the central RUNX1T1 signature in this context. Genes related to a number of relevant cat-

egories, namely connective tissue development and function, tissue development, organism

development, organism survival and cardiovascular system development with a p-value less

than 0.001 were selected to establish a connetivity network by IPA (Fig 6A). Secreted and

membranous proteins associated with angiogenesis were put forward for validation due to

their druggable potential as shown in Fig 6B and 6C. The expression of VEGFA, TGF-β2,

BMP4, Angiopoietin-2, HBEGF, Fibronectin 1, BMP2, CXCR4 and BMPR2 was increased in

ectopically RUNX1T1-expressing 926-ECs (Fig 6B) and consistently, decreased expression of

these genes were observed in Runx1t1 heterozygous knockout mice compared to that of corre-

sponding controls (Fig 6C). As the fold increment of VEGFA, TGF-β2 and BMP4 were evident

upon overexpression of RUNX1T1 (Fig 6B), they were put forward as model target. First, the

reduced expression of VEGFA, BMP4 and TGF-β2 were further confirmed by Western blot-

ting in RUNX1T1 knock-downed ECFCs, ectopically RUNX1T1-expressing 926-ECs and het-

erozygous adult mice aorta as showed in Fig 6D. A decreased expression of VEGFA, BMP4

and TGF-β2 in heart endothelium of Runx1t1 deficient mice were noted in vivo (Fig 6E–6G).

Second, the inactivation of VEGFA, BMP4 and TGF-β2 signaling by neutralizing antibodies

abolished the RUNX1T1-promoted cell viability (Fig 6H), tube forming capacity (Fig 6I) and

cell motility (Fig 6J). Taken together, our results demonstrated that RUNX1T1 promoted

endothelial angiogenic activities by activating the expression of VEGFA, BMP4 and TGF-β2.

Discussion

The RUNX1T1 (ETO) is first identified as a fusion partner to AML1 (RUNX1) in leukemia

[50]. The RUNX1-RUNX1T1 (AML-ETO), a pathological fusion protein containing the

amino-terminal 177 amino acids of AML1 and the carboxyl-terminal 575 amino acids of

Fig 5. The aberrant vasculature formation is observed in Runx1t1 deficient mouse embryos. (A)

Images showing the vascularity of deciduas from a wild-type and a heterozygous Runx1t1 knockout mouse at

embryonic day 10.5 (E10.5). Scale bar = 1mm. Arrows indicated vessels formed. (B-C) Representative

images showing vascularity of embryos from wild-type and heterozygous Runx1t1 knockout mice at

embryonic day 10.5 (B) and 13.75 (E13.75) (C) Scale bar = 1 mm. Arrows indicated cerebral vessel (CV)

formed. (D) The histogram for showing percentage of aberrant vasculature in Runx1t1 deficient embryos at

E10.5 (upper panel) and E13.75 (lower panel). n (total mice number used for analysis) = 4, 5, 7, 5 for wild-type

embryos (E10.5), Runx1t1 deficient embryos (E10.5), wild-type embryos (E13.75) and Runx1t1 deficient

embryos (E13.75), respectively. *, p<0.05, (Fisher’s exact test).

https://doi.org/10.1371/journal.pone.0179758.g005
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Fig 6. VEGFA, BMP4 and TGF-β2 mediate RUNX1T1-directed growth, motility and capillary-forming

capacity in endothelial cells. (A) The connectivity network of RUNX1T1-regulated genes created by

Ingenuity Pathway Analysis. Yellow, secreted or membranic proteins; Green, cytosolic proteins; Red, nuclear

proteins. (B-C) RT-qPCR results for validating expression levels of selected genes marked in yellow in panel

A in 926-ECs (B) and Runx1t1 deficient mice (C) **, p<0.01; ***, p<0.001 (Student’s t test). Data represent

mean ± S.D. n = 3 independent experiments. (D) Western blotting for showing the expression levels of

VEGF-A, TGF-β2 and BMP4 at the indicated models. The band intensity was quantified and normalized to

corresponding control cells. (E) The immunoreactivity of VEGFA of heart vessel. n = 2 for each group,

6-month-old mice. Scale bar = 50 μm. (F) The immunoreactivity of BMP4 of heart vessel. n = 2 for each group,

6-month-old mice. Scale bar = 50 μm. (G) The immunoreactivity of TGF-β2 of heart vessel. n = 2 for each

group, 6-month-old mice. Scale bar = 50 μm. (H) A histogram for showing the relative viability at the indicated

conditions (VEC-CM, the conditional medium from 926ECs-vector control cells; ROV-CM, the conditional

medium from RUNX1T1-expressing 926ECs; nAb, neutralizing antibody). *, p<0.05 and **, p<0.01 (one-way

ANOVA). (I) A histogram for showing the relative capillary formation ability at indicated conditions. N.D, none

detected. **, p<0.01, (one-way ANOVA). (J) A histogram for showing the relative cell migration ability at

indicated conditions. *, p<0.05 and **, p<0.01, (one-way ANOVA).

https://doi.org/10.1371/journal.pone.0179758.g006
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RUNX1T1 is generated from a t(8;21) translocation that disrupts normal hematopoiesis [50].

It is reported RUNX1T1 acts as competing endogenous RNA for titrating micro RNAs in

AML [51]. Given that the majority studies regarding functionality of RUNX1T1 (ETO) cen-

tered at AML-ETO fusion protein and pathogenesis for AML, molecular behaviors of wild-

type RUNX1T1 in endothelial lineage cells remain elusive. In physiological condition, ETO

suppresses activity of C/EBPβ during early adipogenesis [52]. The FTO regulated alternative

splicing of RUNX1T1 further modulates preadipocyte differentiation [53] More RUNX1T1 is

suggested to regulate pancreas development by regulating pancreatic polypeptide and Ghrelin

expression [54]. In pathological condition, RUNX1T1 is shown to promote microglial prolifer-

ation by regulating CDK4 [55], but represses the proliferation and increases 5-flurouracil

(5-FU) sensitivity in a colon cancer cell line (HCT116) [56]. These findings suggest pleiotropic

effects of RUNX1T1 on different cells during development and disease progression.

In our study, lethality of Runx1t1 deficient embryos was found to occur before E10.5 as no

homozygotes were identified at E10.5 (S2H Fig), which coincided with lethality in VEGFA

and BMP4 deficient embryos at E8.5 [57] and E9.5 [12], respectively, indicating VEGFA and

BMP4 may be regulated by RUNX1T1 during early embryonic development. The expression

of TGF-β2 in indispensable for proliferation of smooth muscle cells (SMCs) [58] and recruit-

ment of SMCs to lymphatic vessels stimulates the secretion of endothelial-derived Reelin for

lymphatic vessel morphogenesis [59]. Here, we identified VEGFA, BMP4 and TGF-β2 as

RUNX1T1-regulated secretory proteins in human and their expression positively associated

with RUNX1T1 both in vitro and in vivo (Fig 6B–6G). The molecular behaviors by which

wild-type RUNX1T1 acted in endothelial lineage cells were further explored by neutralizing

antibodies and our studies demonstrated that RUNX1T1 directed angiogenesis by activating a

number of angiogenic factors at least in part, namely VEGFA, BMP4, and TGF-β2.

Lines of evidence have suggested impacts of RUNX1T1 in neurological development. First,

the RUNX1T1 (MTG8) is belonged to the highly conserved MTG family [60] known to

induced by proneural genes including ASCL1 during neurogenesis in mice [61]. Second, Dro-

sophila homolog of ETO/MTG8, nervy, acts downstream of achaete (ac) and scute (sc) for

mechanosensory organ development emanating from the sensory organ precursor (SOP) by

reinforcing Delta-mediated Notch signaling [62]. Third, XETOR, a homolog of human onco-

protein ETO/MTG8 in Xenopus, is required for regulating the size of proneural domain [63]

In our study, fainting and convulsive phenotypes were observed in 8% adult Runx1t1 heterozy-

gous mice (13/ 157) as shown in S1 Movie, implying functionality of RUNX1T1 in neurologi-

cal behaviors. On the other hand, RUNX1T1 is demonstrated to regulate gastrointestinal

development by insertional inactivation [64]. The postnatal viability was greatly reduced and

the aberrant gut architecture as well as rectal hemorrhage was observed in established homozy-

gous mice (MGI2660657). In our Runx1t1 heterozygous mice, evident extravasation of Evan

Blue dye in intestinal track was noted. The phenotype variation may result from mice genetic

background effect.

Currently, we demonstrated clearly that VEGFA, BMP4 and TGF-β2 mediated RUNX1T1-

directed angiogenesis in endothelial cells. To the best of our knowledge, this is the first evi-

dence that demonstrates wild-type RUNX1T1 is involved in endothelial angiogenesis. The

gene regulation mode exerted by RUNX1T1 has been suggested to be epigenetic regulation

through a protein-protein interaction [41, 65]. Therefore, identification of transcription regu-

lators bound with RUNX1T1 for eliciting RUNX1T1-orchestrated secretome in endothelial

lineage cell is intriguing but undecided. Also, effects of RUNX1T1 signaling in endothelium

smooth muscle cells interplay remain to be elucidated. Eventually, the discovery of pharma-

ceutical RUNX1T1 activator will shed slight on therapeutic angiogenesis toward vascular

diseases.
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Supporting information

S1 Fig. The characterization of ECFCs expanded from human cord bloods. (A) Representa-

tive pictures for illustrating the morphology of ECFCs and HUVECs. Scale bar = 50 μm (B)

Flow cytometry results for showing the progenitor marker (CD34) and endothelial markers

(CD31, KRD, VE-cadherin) in ECFCs and HUVECs.

(TIF)

S2 Fig. The characterization of Runx1t1 deficient mice. (A) Representative images for show-

ing genotyping results for four littermates at 3–4 week-old F1 generation. Amplicons of the

wild-type and targeted alleles are 388 and 532 base pairs in length, respectively. M, DNA lad-

der; bp, base pairs. (B) A table for summarizing the breeding program for the 3–4 week-old

adult mice. (C) A histogram for showing percentage of bone marrow-derived CD31 (+) vascu-

logenic cells of indicated mice n = 4 for each group, 24-month-old mice. �, p<0.05 (Student’s

t-test). (D) A histogram for showing the relative viability of CD31 (+) vasculogenic cells mea-

sured by MTT assay. n = 3 for each group, 6-month-old mice. ���, p<0.001 (Student’s t test).

(E) A histogram for showing the relative motility of CD31 (+) vasculogenic cells. n = 3 for each

group, 6-month-old mice. ��, p<0.01 (Student’s t test). (F) A scatter plot showing the RBC

count (upper panel), WBC count (middle panel) and. platelet count (lower panel) (p-value is

estimated by Student’s t test). Data represent mean ± S.D. RBC, red blood cell, WBC, white

blood cell. (G). A table for summarizing weights of selected organs and tissues at 22–26-week-

old adult mice. (H). A table summarizing the breeding program at the embryonic day 10.5–

13.75. (I). Representative images showing the vascularity of embryos from a wild-type and het-

erozygous Runx1t1 knockout mouse at embryonic day 12.5 (E12.5). Scale bar = 1 mm. Black

arrows indicated cerebral vessel (CV) formed.

(TIF)

S1 Table. The primer sequences for recombination and genotyping.

(XLS)

S2 Table. The antibody list.

(XLS)

S3 Table. The down-regulated genes in shRUNX1T1-ECFC cells compared with vector

control cells (1.5 folds).

(XLS)

S4 Table. The primers for RT-qPCR.

(XLS)

S5 Table. The Ct value of qPCR results.

(XLS)

S1 Movie. The neurological abnormality in Runx1t1 heterozygous mice.

(MP4)

Acknowledgments

The authors dedicate this work to the memory of Professor Hsei-Wei Wang (Apr. 1969-

Sep. 2015). Dr. Hsei-Wei Wang focused on bioinformatics and molecular biology research;

without his long-term devotion to EPC research this paper could not have been completed.

The authors would like to thank Dr. Tzong-Shyuan Lee and Dr. Po-Hsun Huang for their

advice and helpful comments. The authors also acknowledge the technical services provided

RUNX1T1 modulates endothelial angiogenesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0179758 June 22, 2017 14 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179758.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179758.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179758.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179758.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179758.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179758.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179758.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179758.s008
https://doi.org/10.1371/journal.pone.0179758


by the Microarray & Gene Expression Analysis Core Facility and Instrument Resource Center

of the National Yang-Ming University. The Runx1t1 knock-out mice were generated under

the supervision of the Transgenic Mouse Model Core Facility of the National Core Facility

Program for Biotechnology, National Science Council (NSC) and the Gene Knockout Mouse

Core Laboratory of National Taiwan University Center of Genomic Medicine. The authors

also acknowledge the technical supports provided by Flow cytometry Core Facility of National

Yang Ming University and Imaging Core Facility of Nanotechnology of the UST-YMU. This

work is supported by Ministry of Science and Technology (MOST; 104-2321-B-101-027 to S.

H.Y; 103-2314-B-010-053-MY3 to O.K.L; 104-0210-01-09-02, and 103-2633-H-010-001 to M.

H.Y; and 105-2320-B-038-009-MY2 to W.L.H), Yuan’s General Hospital (106YGH-TMU-02

to W.L.H), Hsinchu Mackay Memorial Hospital (MMH-HB-10614 to C.C.S) and Taipei Medi-

cal University (TMU104-AE1-B11 to W.L.H).

Author Contributions

Conceptualization: Muh-Hwa Yang, Shung-Haur Yang, Chi-Hung Lin, Wei-Lun Hwang,

Oscar K. Lee.

Data curation: Ko-Hsun Liao, Shing-Jyh Chang, Hsin-Chuan Chang, Tse-Shun Huang, Te-

Chia Feng, Wen-Wei Lin, Chuan-Chi Shih, Wei-Lun Hwang.

Formal analysis: Ko-Hsun Liao, Wei-Lun Hwang.

Funding acquisition: Chuan-Chi Shih, Muh-Hwa Yang, Shung-Haur Yang, Wei-Lun Hwang,

Oscar K. Lee.

Investigation: Ko-Hsun Liao, Shing-Jyh Chang, Hsin-Chuan Chang, Chen-Li Chien, Tse-

Shun Huang, Te-Chia Feng, Wen-Wei Lin, Wei-Lun Hwang.

Methodology: Ko-Hsun Liao, Chen-Li Chien, Wen-Wei Lin.

Project administration: Ko-Hsun Liao, Muh-Hwa Yang, Shung-Haur Yang, Chi-Hung Lin,

Oscar K. Lee.

Resources: Shing-Jyh Chang, Chuan-Chi Shih.

Supervision: Muh-Hwa Yang, Shung-Haur Yang, Chi-Hung Lin, Wei-Lun Hwang, Oscar K.

Lee.

Validation: Ko-Hsun Liao, Shing-Jyh Chang, Hsin-Chuan Chang, Te-Chia Feng, Wei-Lun

Hwang.

Visualization: Ko-Hsun Liao, Hsin-Chuan Chang, Te-Chia Feng, Wei-Lun Hwang.

Writing – original draft: Ko-Hsun Liao, Hsin-Chuan Chang, Muh-Hwa Yang, Wei-Lun

Hwang, Oscar K. Lee.

Writing – review & editing: Ko-Hsun Liao, Wei-Lun Hwang, Oscar K. Lee.

References
1. Ferguson JE 3rd, Kelley RW, Patterson C. Mechanisms of endothelial differentiation in embryonic vas-

culogenesis. Arteriosclerosis, thrombosis, and vascular biology. 2005; 25(11):2246–54. https://doi.org/

10.1161/01.ATV.0000183609.55154.44 PMID: 16123328.

2. Borselli C, Storrie H, Benesch-Lee F, Shvartsman D, Cezar C, Lichtman JW, et al. Functional muscle

regeneration with combined delivery of angiogenesis and myogenesis factors. Proceedings of the

National Academy of Sciences of the United States of America. 2010; 107(8):3287–92. https://doi.org/

10.1073/pnas.0903875106 PMID: 19966309; PubMed Central PMCID: PMCPMC2840452.

RUNX1T1 modulates endothelial angiogenesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0179758 June 22, 2017 15 / 19

https://doi.org/10.1161/01.ATV.0000183609.55154.44
https://doi.org/10.1161/01.ATV.0000183609.55154.44
http://www.ncbi.nlm.nih.gov/pubmed/16123328
https://doi.org/10.1073/pnas.0903875106
https://doi.org/10.1073/pnas.0903875106
http://www.ncbi.nlm.nih.gov/pubmed/19966309
https://doi.org/10.1371/journal.pone.0179758


3. Karamysheva AF. Mechanisms of angiogenesis. Biochemistry (Mosc). 2008; 73(7):751–62. PMID:

18707583.

4. Gendron RL, Tsai FY, Paradis H, Arceci RJ. Induction of embryonic vasculogenesis by bFGF and LIF in

vitro and in vivo. Developmental biology. 1996; 177(1):332–46. https://doi.org/10.1006/dbio.1996.0167

PMID: 8660899.

5. Torry DS, Torry RJ. Angiogenesis and the expression of vascular endothelial growth factor in endome-

trium and placenta. American journal of reproductive immunology. 1997; 37(1):21–9. PMID: 9138450.

6. Boyd NL, Dhara SK, Rekaya R, Godbey EA, Hasneen K, Rao RR, et al. BMP4 promotes formation of

primitive vascular networks in human embryonic stem cell-derived embryoid bodies. Exp Biol Med

(Maywood). 2007; 232(6):833–43. PMID: 17526776.

7. Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of angiogenesis. Nature. 2011;

473(7347):298–307. https://doi.org/10.1038/nature10144 PMID: 21593862; PubMed Central PMCID:

PMCPMC4049445.

8. Presta M, Dell’Era P, Mitola S, Moroni E, Ronca R, Rusnati M. Fibroblast growth factor/fibroblast growth

factor receptor system in angiogenesis. Cytokine Growth Factor Rev. 2005; 16(2):159–78. https://doi.

org/10.1016/j.cytogfr.2005.01.004 PMID: 15863032.

9. Deckers MM, van Bezooijen RL, van der Horst G, Hoogendam J, van Der Bent C, Papapoulos SE, et al.

Bone morphogenetic proteins stimulate angiogenesis through osteoblast-derived vascular endothelial

growth factor A. Endocrinology. 2002; 143(4):1545–53. https://doi.org/10.1210/endo.143.4.8719 PMID:

11897714.

10. Moreno-Miralles I, Schisler JC, Patterson C. New insights into bone morphogenetic protein signaling:

focus on angiogenesis. Current opinion in hematology. 2009; 16(3):195–201. https://doi.org/10.1097/

MOH.0b013e32832a07d6 PMID: 19346940; PubMed Central PMCID: PMCPMC3432307.

11. Marcelo KL, Goldie LC, Hirschi KK. Regulation of endothelial cell differentiation and specification. Circu-

lation research. 2013; 112(9):1272–87. https://doi.org/10.1161/CIRCRESAHA.113.300506 PMID:

23620236; PubMed Central PMCID: PMCPMC3768127.

12. Winnier G, Blessing M, Labosky PA, Hogan BL. Bone morphogenetic protein-4 is required for meso-

derm formation and patterning in the mouse. Genes & development. 1995; 9(17):2105–16. PMID:

7657163.

13. Breier G, Clauss M, Risau W. Coordinate expression of vascular endothelial growth factor receptor-1

(flt-1) and its ligand suggests a paracrine regulation of murine vascular development. Developmental

dynamics: an official publication of the American Association of Anatomists. 1995; 204(3):228–39.

https://doi.org/10.1002/aja.1002040303 PMID: 8573716.

14. Cho HJ, Lee N, Lee JY, Choi YJ, Ii M, Wecker A, et al. Role of host tissues for sustained humoral effects

after endothelial progenitor cell transplantation into the ischemic heart. The Journal of experimental

medicine. 2007; 204(13):3257–69. https://doi.org/10.1084/jem.20070166 PMID: 18070934; PubMed

Central PMCID: PMCPMC2150988.

15. Murohara T, Ikeda H, Duan J, Shintani S, Sasaki K, Eguchi H, et al. Transplanted cord blood-derived

endothelial precursor cells augment postnatal neovascularization. The Journal of clinical investigation.

2000; 105(11):1527–36. https://doi.org/10.1172/JCI8296 PMID: 10841511; PubMed Central PMCID:

PMCPMC300847.

16. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T, et al. Isolation of putative progenitor

endothelial cells for angiogenesis. Science. 1997; 275(5302):964–7. PMID: 9020076.

17. Bauer SM, Goldstein LJ, Bauer RJ, Chen H, Putt M, Velazquez OC. The bone marrow-derived endothe-

lial progenitor cell response is impaired in delayed wound healing from ischemia. Journal of vascular

surgery. 2006; 43(1):134–41. https://doi.org/10.1016/j.jvs.2005.08.038 PMID: 16414400.

18. Yoder MC. Endothelial progenitor cell: a blood cell by many other names may serve similar functions.

Journal of molecular medicine. 2013; 91(3):285–95. https://doi.org/10.1007/s00109-013-1002-8 PMID:

23371317; PubMed Central PMCID: PMCPMC3704045.

19. Cheng CC, Chang SJ, Chueh YN, Huang TS, Huang PH, Cheng SM, et al. Distinct angiogenesis roles

and surface markers of early and late endothelial progenitor cells revealed by functional group analyses.

BMC genomics. 2013; 14:182. https://doi.org/10.1186/1471-2164-14-182 PMID: 23496821; PubMed

Central PMCID: PMCPMC3652793.

20. Wang HW, Lo HH, Chiu YL, Chang SJ, Huang PH, Liao KH, et al. Dysregulated miR-361-5p/VEGF axis

in the plasma and endothelial progenitor cells of patients with coronary artery disease. PloS one. 2014;

9(5):e98070. https://doi.org/10.1371/journal.pone.0098070 PMID: 24865854; PubMed Central PMCID:

PMCPMC4035317.

21. Kota SK, Meher LK, Jammula S, Kota SK, Krishna SV, Modi KD. Aberrant angiogenesis: The gateway

to diabetic complications. Indian journal of endocrinology and metabolism. 2012; 16(6):918–30. https://

doi.org/10.4103/2230-8210.102992 PMID: 23226636; PubMed Central PMCID: PMC3510961.

RUNX1T1 modulates endothelial angiogenesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0179758 June 22, 2017 16 / 19

http://www.ncbi.nlm.nih.gov/pubmed/18707583
https://doi.org/10.1006/dbio.1996.0167
http://www.ncbi.nlm.nih.gov/pubmed/8660899
http://www.ncbi.nlm.nih.gov/pubmed/9138450
http://www.ncbi.nlm.nih.gov/pubmed/17526776
https://doi.org/10.1038/nature10144
http://www.ncbi.nlm.nih.gov/pubmed/21593862
https://doi.org/10.1016/j.cytogfr.2005.01.004
https://doi.org/10.1016/j.cytogfr.2005.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15863032
https://doi.org/10.1210/endo.143.4.8719
http://www.ncbi.nlm.nih.gov/pubmed/11897714
https://doi.org/10.1097/MOH.0b013e32832a07d6
https://doi.org/10.1097/MOH.0b013e32832a07d6
http://www.ncbi.nlm.nih.gov/pubmed/19346940
https://doi.org/10.1161/CIRCRESAHA.113.300506
http://www.ncbi.nlm.nih.gov/pubmed/23620236
http://www.ncbi.nlm.nih.gov/pubmed/7657163
https://doi.org/10.1002/aja.1002040303
http://www.ncbi.nlm.nih.gov/pubmed/8573716
https://doi.org/10.1084/jem.20070166
http://www.ncbi.nlm.nih.gov/pubmed/18070934
https://doi.org/10.1172/JCI8296
http://www.ncbi.nlm.nih.gov/pubmed/10841511
http://www.ncbi.nlm.nih.gov/pubmed/9020076
https://doi.org/10.1016/j.jvs.2005.08.038
http://www.ncbi.nlm.nih.gov/pubmed/16414400
https://doi.org/10.1007/s00109-013-1002-8
http://www.ncbi.nlm.nih.gov/pubmed/23371317
https://doi.org/10.1186/1471-2164-14-182
http://www.ncbi.nlm.nih.gov/pubmed/23496821
https://doi.org/10.1371/journal.pone.0098070
http://www.ncbi.nlm.nih.gov/pubmed/24865854
https://doi.org/10.4103/2230-8210.102992
https://doi.org/10.4103/2230-8210.102992
http://www.ncbi.nlm.nih.gov/pubmed/23226636
https://doi.org/10.1371/journal.pone.0179758


22. Sluimer JC, Daemen MJ. Novel concepts in atherogenesis: angiogenesis and hypoxia in atherosclero-

sis. The Journal of pathology. 2009; 218(1):7–29. https://doi.org/10.1002/path.2518 PMID: 19309025.

23. Zhao T, Zhao W, Chen Y, Ahokas RA, Sun Y. Vascular endothelial growth factor (VEGF)-A: role on car-

diac angiogenesis following myocardial infarction. Microvascular research. 2010; 80(2):188–94. https://

doi.org/10.1016/j.mvr.2010.03.014 PMID: 20362592; PubMed Central PMCID: PMC3628688.

24. Lee PS, Poh KK. Endothelial progenitor cells in cardiovascular diseases. World J Stem Cells. 2014; 6

(3):355–66. https://doi.org/10.4252/wjsc.v6.i3.355 PMID: 25126384; PubMed Central PMCID:

PMCPMC4131276.

25. Jialal I, Devaraj S, Singh U, Huet BA. Decreased number and impaired functionality of endothelial pro-

genitor cells in subjects with metabolic syndrome: implications for increased cardiovascular risk. Athero-

sclerosis. 2010; 211(1):297–302. https://doi.org/10.1016/j.atherosclerosis.2010.01.036 PMID:

20171637; PubMed Central PMCID: PMCPMC2902610.

26. Wang HW, Huang TS, Lo HH, Huang PH, Lin CC, Chang SJ, et al. Deficiency of the microRNA-31-

microRNA-720 pathway in the plasma and endothelial progenitor cells from patients with coronary

artery disease. Arteriosclerosis, thrombosis, and vascular biology. 2014; 34(4):857–69. https://doi.org/

10.1161/ATVBAHA.113.303001 PMID: 24558106.

27. Amann JM, Nip J, Strom DK, Lutterbach B, Harada H, Lenny N, et al. ETO, a target of t(8;21) in acute

leukemia, makes distinct contacts with multiple histone deacetylases and binds mSin3A through its olig-

omerization domain. Molecular and cellular biology. 2001; 21(19):6470–83. https://doi.org/10.1128/

MCB.21.19.6470-6483.2001 PMID: 11533236; PubMed Central PMCID: PMCPMC99794.

28. Miyoshi H, Kozu T, Shimizu K, Enomoto K, Maseki N, Kaneko Y, et al. The t(8;21) translocation in acute

myeloid leukemia results in production of an AML1-MTG8 fusion transcript. The EMBO journal. 1993;

12(7):2715–21. PMID: 8334990; PubMed Central PMCID: PMCPMC413521.

29. Yeh JR, Munson KM, Chao YL, Peterson QP, Macrae CA, Peterson RT. AML1-ETO reprograms

hematopoietic cell fate by downregulating scl expression. Development. 2008; 135(2):401–10. https://

doi.org/10.1242/dev.008904 PMID: 18156164.

30. de Guzman CG, Warren AJ, Zhang Z, Gartland L, Erickson P, Drabkin H, et al. Hematopoietic stem cell

expansion and distinct myeloid developmental abnormalities in a murine model of the AML1-ETO trans-

location. Molecular and cellular biology. 2002; 22(15):5506–17. https://doi.org/10.1128/MCB.22.15.

5506-5517.2002 PMID: 12101243; PubMed Central PMCID: PMCPMC133929.

31. Wolford JK, Prochazka M. Structure and expression of the human MTG8/ETO gene. Gene. 1998; 212

(1):103–9. PMID: 9661669.

32. Erickson PF, Dessev G, Lasher RS, Philips G, Robinson M, Drabkin HA. ETO and AML1 phosphopro-

teins are expressed in CD34+ hematopoietic progenitors: implications for t(8;21) leukemogenesis and

monitoring residual disease. Blood. 1996; 88(5):1813–23. PMID: 8781439.

33. Okumura AJ, Peterson LF, Lo MC, Zhang DE. Expression of AML/Runx and ETO/MTG family members

during hematopoietic differentiation of embryonic stem cells. Experimental hematology. 2007; 35

(6):978–88. https://doi.org/10.1016/j.exphem.2007.03.002 PMID: 17533052.

34. Liu P, Jenkins NA, Copeland NG. A highly efficient recombineering-based method for generating condi-

tional knockout mutations. Genome research. 2003; 13(3):476–84. https://doi.org/10.1101/gr.749203

PMID: 12618378; PubMed Central PMCID: PMCPMC430283.

35. Hayashi S, Lewis P, Pevny L, McMahon AP. Efficient gene modulation in mouse epiblast using a

Sox2Cre transgenic mouse strain. Gene expression patterns: GEP. 2002; 2(1–2):93–7. PMID:

12617844.

36. Radu M, Chernoff J. An in vivo assay to test blood vessel permeability. Journal of visualized experi-

ments: JoVE. 2013;(73):e50062. https://doi.org/10.3791/50062 PMID: 23524912; PubMed Central

PMCID: PMCPMC3639515.

37. Wang HW, Trotter MW, Lagos D, Bourboulia D, Henderson S, Makinen T, et al. Kaposi sarcoma her-

pesvirus-induced cellular reprogramming contributes to the lymphatic endothelial gene expression in

Kaposi sarcoma. Nature genetics. 2004; 36(7):687–93. https://doi.org/10.1038/ng1384 PMID:

15220918.

38. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment

analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proceedings

of the National Academy of Sciences of the United States of America. 2005; 102(43):15545–50. https://

doi.org/10.1073/pnas.0506580102 PMID: 16199517; PubMed Central PMCID: PMCPMC1239896.

39. Wang S, Chen J, Fu Y, Chen X. Promotion of Astragaloside IV for EA-hy926 Cell Proliferation and

Angiogenic Activity via ERK1/2 Pathway. Journal of nanoscience and nanotechnology. 2015; 15

(6):4239–44. PMID: 26369035.

40. Yu J, Zhu X, Qi X, Che J, Cao B. Paeoniflorin protects human EA.hy926 endothelial cells against

gamma-radiation induced oxidative injury by activating the NF-E2-related factor 2/heme oxygenase-1

RUNX1T1 modulates endothelial angiogenesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0179758 June 22, 2017 17 / 19

https://doi.org/10.1002/path.2518
http://www.ncbi.nlm.nih.gov/pubmed/19309025
https://doi.org/10.1016/j.mvr.2010.03.014
https://doi.org/10.1016/j.mvr.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20362592
https://doi.org/10.4252/wjsc.v6.i3.355
http://www.ncbi.nlm.nih.gov/pubmed/25126384
https://doi.org/10.1016/j.atherosclerosis.2010.01.036
http://www.ncbi.nlm.nih.gov/pubmed/20171637
https://doi.org/10.1161/ATVBAHA.113.303001
https://doi.org/10.1161/ATVBAHA.113.303001
http://www.ncbi.nlm.nih.gov/pubmed/24558106
https://doi.org/10.1128/MCB.21.19.6470-6483.2001
https://doi.org/10.1128/MCB.21.19.6470-6483.2001
http://www.ncbi.nlm.nih.gov/pubmed/11533236
http://www.ncbi.nlm.nih.gov/pubmed/8334990
https://doi.org/10.1242/dev.008904
https://doi.org/10.1242/dev.008904
http://www.ncbi.nlm.nih.gov/pubmed/18156164
https://doi.org/10.1128/MCB.22.15.5506-5517.2002
https://doi.org/10.1128/MCB.22.15.5506-5517.2002
http://www.ncbi.nlm.nih.gov/pubmed/12101243
http://www.ncbi.nlm.nih.gov/pubmed/9661669
http://www.ncbi.nlm.nih.gov/pubmed/8781439
https://doi.org/10.1016/j.exphem.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/17533052
https://doi.org/10.1101/gr.749203
http://www.ncbi.nlm.nih.gov/pubmed/12618378
http://www.ncbi.nlm.nih.gov/pubmed/12617844
https://doi.org/10.3791/50062
http://www.ncbi.nlm.nih.gov/pubmed/23524912
https://doi.org/10.1038/ng1384
http://www.ncbi.nlm.nih.gov/pubmed/15220918
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
http://www.ncbi.nlm.nih.gov/pubmed/26369035
https://doi.org/10.1371/journal.pone.0179758


pathway. Toxicology letters. 2013; 218(3):224–34. https://doi.org/10.1016/j.toxlet.2013.01.028 PMID:

23403272.

41. Melnick AM, Westendorf JJ, Polinger A, Carlile GW, Arai S, Ball HJ, et al. The ETO protein disrupted in

t(8;21)-associated acute myeloid leukemia is a corepressor for the promyelocytic leukemia zinc finger

protein. Molecular and cellular biology. 2000; 20(6):2075–86. PMID: 10688654; PubMed Central

PMCID: PMCPMC110824.

42. Dai L, Bratoeva M, Toole BP, Qin Z, Parsons C. KSHV activation of VEGF secretion and invasion for

endothelial cells is mediated through viral upregulation of emmprin-induced signal transduction. Interna-

tional journal of cancer Journal international du cancer. 2012; 131(4):834–43. https://doi.org/10.1002/

ijc.26428 PMID: 21918972; PubMed Central PMCID: PMC3518925.

43. Lu Y, Gong Y, Lian J, Wang L, Kretlow JD, Zhou G, et al. Expansion of endothelial progenitor cells in

high density dot culture of rat bone marrow cells. PloS one. 2014; 9(9):e107127. https://doi.org/10.

1371/journal.pone.0107127 PMID: 25254487; PubMed Central PMCID: PMC4177845.

44. Poole TJ, Coffin JD. Vasculogenesis and angiogenesis: two distinct morphogenetic mechanisms estab-

lish embryonic vascular pattern. The Journal of experimental zoology. 1989; 251(2):224–31. https://doi.

org/10.1002/jez.1402510210 PMID: 2671254.

45. Risau W. Mechanisms of angiogenesis. Nature. 1997; 386(6626):671–4. https://doi.org/10.1038/

386671a0 PMID: 9109485.

46. Nelson J, Wu Y, Jiang X, Berretta R, Houser S, Choi E, et al. Hyperhomocysteinemia suppresses bone

marrow CD34+/VEGF receptor 2+ cells and inhibits progenitor cell mobilization and homing to injured

vasculature-a role of beta1-integrin in progenitor cell migration and adhesion. FASEB journal: official

publication of the Federation of American Societies for Experimental Biology. 2015; 29(7):3085–99.

https://doi.org/10.1096/fj.14-267989 PMID: 25854700; PubMed Central PMCID: PMCPMC4478803.

47. Kim H, Cho HJ, Kim SW, Liu B, Choi YJ, Lee J, et al. CD31+ cells represent highly angiogenic and vas-

culogenic cells in bone marrow: novel role of nonendothelial CD31+ cells in neovascularization and

their therapeutic effects on ischemic vascular disease. Circulation research. 2010; 107(5):602–14.

https://doi.org/10.1161/CIRCRESAHA.110.218396 PMID: 20634489; PubMed Central PMCID:

PMCPMC2938961.

48. Herbert SP, Stainier DY. Molecular control of endothelial cell behaviour during blood vessel morphogen-

esis. Nature reviews Molecular cell biology. 2011; 12(9):551–64. https://doi.org/10.1038/nrm3176

PMID: 21860391; PubMed Central PMCID: PMCPMC3319719.

49. Savolainen SM, Foley JF, Elmore SA. Histology atlas of the developing mouse heart with emphasis on

E11.5 to E18.5. Toxicologic pathology. 2009; 37(4):395–414. https://doi.org/10.1177/

0192623309335060 PMID: 19359541; PubMed Central PMCID: PMC2773446.

50. van de Locht LT, Smetsers TF, Wittebol S, Raymakers RA, Mensink EJ. Molecular diversity in AML1/

ETO fusion transcripts in patients with t(8;21) positive acute myeloid leukaemia. Leukemia. 1994; 8

(10):1780–4. PMID: 7523801.

51. Junge A, Zandi R, Havgaard JH, Gorodkin J, Cowland JB. Assessing the miRNA sponge potential of

RUNX1T1 in t(8;21) acute myeloid leukemia. Gene. 2017; 615:35–40. https://doi.org/10.1016/j.gene.

2017.03.015 PMID: 28322996.

52. Rochford JJ, Semple RK, Laudes M, Boyle KB, Christodoulides C, Mulligan C, et al. ETO/MTG8 is an

inhibitor of C/EBPbeta activity and a regulator of early adipogenesis. Molecular and cellular biology.

2004; 24(22):9863–72. https://doi.org/10.1128/MCB.24.22.9863-9872.2004 PMID: 15509789; PubMed

Central PMCID: PMCPMC525461.

53. Merkestein M, Sellayah D. Role of FTO in Adipocyte Development and Function: Recent Insights. Int J

Endocrinol. 2015; 2015:521381. https://doi.org/10.1155/2015/521381 PMID: 26788058; PubMed Cen-

tral PMCID: PMCPMC4695642.

54. Benitez CM, Qu K, Sugiyama T, Pauerstein PT, Liu Y, Tsai J, et al. An integrated cell purification and

genomics strategy reveals multiple regulators of pancreas development. PLoS genetics. 2014; 10(10):

e1004645. https://doi.org/10.1371/journal.pgen.1004645 PMID: 25330008; PubMed Central PMCID:

PMCPMC4199491.

55. Baby N, Li Y, Ling EA, Lu J, Dheen ST. Runx1t1 (Runt-related transcription factor 1; translocated to, 1)

epigenetically regulates the proliferation and nitric oxide production of microglia. PloS one. 2014; 9(2):

e89326. https://doi.org/10.1371/journal.pone.0089326 PMID: 24586690; PubMed Central PMCID:

PMCPMC3929701.

56. Alfayez M, Vishnubalaji R, Alajez NM. Runt-related Transcription Factor 1 (RUNX1T1) Suppresses

Colorectal Cancer Cells Through Regulation of Cell Proliferation and Chemotherapeutic Drug Resis-

tance. Anticancer research. 2016; 36(10):5257–63. https://doi.org/10.21873/anticanres.11096 PMID:

27798886.

RUNX1T1 modulates endothelial angiogenesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0179758 June 22, 2017 18 / 19

https://doi.org/10.1016/j.toxlet.2013.01.028
http://www.ncbi.nlm.nih.gov/pubmed/23403272
http://www.ncbi.nlm.nih.gov/pubmed/10688654
https://doi.org/10.1002/ijc.26428
https://doi.org/10.1002/ijc.26428
http://www.ncbi.nlm.nih.gov/pubmed/21918972
https://doi.org/10.1371/journal.pone.0107127
https://doi.org/10.1371/journal.pone.0107127
http://www.ncbi.nlm.nih.gov/pubmed/25254487
https://doi.org/10.1002/jez.1402510210
https://doi.org/10.1002/jez.1402510210
http://www.ncbi.nlm.nih.gov/pubmed/2671254
https://doi.org/10.1038/386671a0
https://doi.org/10.1038/386671a0
http://www.ncbi.nlm.nih.gov/pubmed/9109485
https://doi.org/10.1096/fj.14-267989
http://www.ncbi.nlm.nih.gov/pubmed/25854700
https://doi.org/10.1161/CIRCRESAHA.110.218396
http://www.ncbi.nlm.nih.gov/pubmed/20634489
https://doi.org/10.1038/nrm3176
http://www.ncbi.nlm.nih.gov/pubmed/21860391
https://doi.org/10.1177/0192623309335060
https://doi.org/10.1177/0192623309335060
http://www.ncbi.nlm.nih.gov/pubmed/19359541
http://www.ncbi.nlm.nih.gov/pubmed/7523801
https://doi.org/10.1016/j.gene.2017.03.015
https://doi.org/10.1016/j.gene.2017.03.015
http://www.ncbi.nlm.nih.gov/pubmed/28322996
https://doi.org/10.1128/MCB.24.22.9863-9872.2004
http://www.ncbi.nlm.nih.gov/pubmed/15509789
https://doi.org/10.1155/2015/521381
http://www.ncbi.nlm.nih.gov/pubmed/26788058
https://doi.org/10.1371/journal.pgen.1004645
http://www.ncbi.nlm.nih.gov/pubmed/25330008
https://doi.org/10.1371/journal.pone.0089326
http://www.ncbi.nlm.nih.gov/pubmed/24586690
https://doi.org/10.21873/anticanres.11096
http://www.ncbi.nlm.nih.gov/pubmed/27798886
https://doi.org/10.1371/journal.pone.0179758


57. Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O’Shea KS, et al. Heterozygous embryonic lethality

induced by targeted inactivation of the VEGF gene. Nature. 1996; 380(6573):439–42. https://doi.org/

10.1038/380439a0 PMID: 8602242.

58. Ardila DC, Tamimi E, Danford FL, Haskett DG, Kellar RS, Doetschman T, et al. TGFbeta2 differentially

modulates smooth muscle cell proliferation and migration in electrospun gelatin-fibrinogen constructs.

Biomaterials. 2015; 37:164–73. https://doi.org/10.1016/j.biomaterials.2014.10.021 PMID: 25453947;

PubMed Central PMCID: PMCPMC4312204.

59. Lutter S, Xie S, Tatin F, Makinen T. Smooth muscle-endothelial cell communication activates Reelin sig-

naling and regulates lymphatic vessel formation. The Journal of cell biology. 2012; 197(6):837–49.

https://doi.org/10.1083/jcb.201110132 PMID: 22665518; PubMed Central PMCID: PMCPMC3373399.

60. Koyano-Nakagawa N, Kintner C. The expression and function of MTG/ETO family proteins during neu-

rogenesis. Developmental biology. 2005; 278(1):22–34. https://doi.org/10.1016/j.ydbio.2004.10.010

PMID: 15649458.

61. Aaker JD, Patineau AL, Yang HJ, Ewart DT, Nakagawa Y, McLoon SC, et al. Interaction of MTG family

proteins with NEUROG2 and ASCL1 in the developing nervous system. Neuroscience letters. 2010;

474(1):46–51. https://doi.org/10.1016/j.neulet.2010.03.004 PMID: 20214951; PubMed Central PMCID:

PMCPMC2862279.

62. Wildonger J, Mann RS. Evidence that nervy, the Drosophila homolog of ETO/MTG8, promotes mechan-

osensory organ development by enhancing Notch signaling. Developmental biology. 2005; 286(2):507–

20. https://doi.org/10.1016/j.ydbio.2005.08.026 PMID: 16168983.

63. Cao Y, Zhao H, Grunz H. XETOR regulates the size of the proneural domain during primary neurogen-

esis in Xenopus laevis. Mechanisms of development. 2002; 119(1):35–44. PMID: 12385752.

64. Calabi F, Pannell R, Pavloska G. Gene targeting reveals a crucial role for MTG8 in the gut. Molecular

and cellular biology. 2001; 21(16):5658–66. https://doi.org/10.1128/MCB.21.16.5658-5666.2001 PMID:

11463846; PubMed Central PMCID: PMCPMC87286.

65. Lam K, Zhang DE. RUNX1 and RUNX1-ETO: roles in hematopoiesis and leukemogenesis. Front Biosci

(Landmark Ed). 2012; 17:1120–39. PMID: 22201794; PubMed Central PMCID: PMCPMC3433167.

RUNX1T1 modulates endothelial angiogenesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0179758 June 22, 2017 19 / 19

https://doi.org/10.1038/380439a0
https://doi.org/10.1038/380439a0
http://www.ncbi.nlm.nih.gov/pubmed/8602242
https://doi.org/10.1016/j.biomaterials.2014.10.021
http://www.ncbi.nlm.nih.gov/pubmed/25453947
https://doi.org/10.1083/jcb.201110132
http://www.ncbi.nlm.nih.gov/pubmed/22665518
https://doi.org/10.1016/j.ydbio.2004.10.010
http://www.ncbi.nlm.nih.gov/pubmed/15649458
https://doi.org/10.1016/j.neulet.2010.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20214951
https://doi.org/10.1016/j.ydbio.2005.08.026
http://www.ncbi.nlm.nih.gov/pubmed/16168983
http://www.ncbi.nlm.nih.gov/pubmed/12385752
https://doi.org/10.1128/MCB.21.16.5658-5666.2001
http://www.ncbi.nlm.nih.gov/pubmed/11463846
http://www.ncbi.nlm.nih.gov/pubmed/22201794
https://doi.org/10.1371/journal.pone.0179758

