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Abstract

GATA-binding protein 2 (GATA2) and LIM domain only 2 (Lmo2) form common transcription
complexes during hematopoietic differentiation. Here we show that these two transcription factors
also play a key role in endothelial cells (EC) and lymphatic EC (LEC) function. Primary EC and
tumor-associated blood vessels expressed GATA2 and Lmo2. VEGF-induced sprouting
angiogenesis in both differentiating embryonic stem cells (embryoid bodies) and primary EC
increased GATA2 and Lmo2 levels. Conversely, silencing of GATA2 and Lmo2 expression in
primary EC inhibited VEGF-induced angiogenic activity, including EC migration and sprouting /in
vitro, two key steps of angiogenesis /77 vivo. This inhibition of EC function was associated with
downregulated expression of neuropilin-2 (NRP2), a co-receptor for VEGF, at the protein, mMRNA
and promoter levels. NRP2 overexpression partially rescued the impaired angiogenic sprouting in
the GATA2/Lmo2 knockdown EC, confirming that GATA2 and Lmo2 mediated EC function, at
least in part, by directly regulating NRP2 gene expression. Furthermore, it was found that primary
LEC expressed GATA2 and Lmo2 as well. Silencing of GATA2 and Lmo2 expression in LEC
inhibited VEGF-induced LEC sprouting, also in a NRP2-dependent manner. In conclusion, our
results demonstrate that GATAZ2 and Lmo2 cooperatively regulate VEGF-induced angiogenesis
and lymphangiogenesis via NRP2.
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INTRODUCTION

During normal vertebrate development, endothelial cells (EC) and hematopoietic cells
(HPC) are thought to originate from a common precursor, the hemangioblast [1-3]. Given
their common origin, blood and endothelial cells share expression of a number of different
genes, and several transcription factors involved in the commitment and differentiation of
hemangioblasts to HPC also control the differentiation of hemangioblasts to EC [4-6].
Among these is GATA-binding protein 2 (GATAZ2), a transcription factor expressed in early
progenitors with the potential to generate both HPC and EC.

GATAZ belongs to an evolutionarily conserved family of C,4 zinc finger transcription factors
that play demonstrably critical roles in development [7]. There are six members of the
GATA family in vertebrates and they have historically been subdivided into two
subfamilies. GATAL/2/3 are preferentially expressed in HPC and regulate proliferation and
differentiation during hematopoiesis [8-10]. GATAA4/5/6 have been shown to be involved in
cardiac, genitourinary and endodermal development [11-13]. GATA2 was first
demonstrated to be critical for the proliferation and differentiation of early hematopoietic
progenitors [10,14-16]. However, GATAZ is also expressed in EC and regulates the
promoter activity of several endothelium-specific genes, such as platelet endothelial cell
adhesion molecule-1 (PECAM-1) and endothelin-1 [17-19]. Furthermore, it has been shown
that GATAZ regulates the expression of vascular endothelial growth factor receptor-2
(VEGFR-2) during both vascular development and angiogenesis, the process by which EC
form new blood vessels from an existing vascular network [20,21]. Whether GATA2
regulates the expression of neuropilin-1 and -2 (NRP1 and NRP2), two key co-receptors of
VEGFRs for VEGF, was not investigated in these studies.

Like all the known members of the GATA family, GATAZ2 has two zinc finger domains and
binds the DNA sequence GATA. It has been reported that GATAZ interacts with other
transcription factors to form multimeric transcription complexes. Among these are LIM
domain only 2 (Lmo2), LIM domain binding protein (Ldb1), and the basic helix-loop-helix
transcription factors T-cell acute lymphoblastic leukemia 1/Stem cell leukemia (Tal1/Scl)
and lymphoblastic leukemia derived sequence 1 (Lyl1).

Lmo2 is a key player in the assembly of these transcription complexes through its LIM-
domain zinc-finger-like structures [22,23]. It has been proposed that Lmoz2 acts as a bridging
molecule that facilitates the formation of different multimeric complexes that regulate
transcription of different genes at various stages of hematopoiesis [22-25]. For example, the
ability of the Lmo2 protein to interact with other proteins led to the identification of a
multimeric protein complex in erythroid cells, comprising Tal1/Scl, E47, Ldb1, and GATA1
in addition to Lmo2, which binds specifically to a bipartite DNA sequence [26]. In EC,
Lmo2 also functions by interaction with specific partners in DNA-binding transcription
complexes. In this regard, it has been shown that, in EC, VE-cadherin expression is
regulated by Lmo2-complexes with GATAZ2, Tal1/Scl, Ldbl and E47, whereas
Angiopoietin-2 is regulated by several multi-protein complexes including Lmo2, GATA2,
Tal1/Scl and/or Lyl1 [27,28]. Lmoz2 is an essential protein in both the primitive and
definitive hematopoietic pathways [29,30]. In mouse embryogenesis, Lmo2 is essential for
initiation of yolk sac and definitive hematopoiesis, but it is not needed for the novo capillary
formation from mesoderm [31]. However, it has been shown that Lmo2 is necessary for
angiogenic remodeling of the existing capillary network into mature vasculature, and it is a
key regulator of tumor angiogenesis [31,32].

Thus, while the crucial roles of GATA2 and Lmo2 in early hematopoiesis are well
established, their functions in EC, especially in vascular development and angiogenesis, are
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less understood. Elucidating the molecular signaling pathways that result in EC
differentiation and control EC function is not only important for understanding normal
vascular development but also for understanding the deregulation of angiogenesis in many
diseases, including cancer, arthritis and blindness [33,34]. VEGF-A, the major angiogenesis
stimulator identified so far, along with its major receptor VEGFR-2, are of particular
importance in angiogenesis because they are essential for normal blood vessel development.
Deregulation of these factors leads to various pathological conditions, including proliferative
retinopathy, arthritis and cancer.

Lymphangiogenesis, the formation of new lymphatic vessels from pre-existing lymphatic
vessels, is also actively involved in many diseases, including cancer and lymphedema [35].
VEGF-C, acting via VEGFR-3 and VEGFR-2, is the major mediator of lymphatic
development and tumor lymphangiogenesis [36]. Very little is known about the roles of
GATAZ2 and Lmo2 in lymphatic endothelial cells (LEC). GATAZ is present at high levels in
the leaflets of lymphatic vessel valves, and it controls the expression of genes that have key
roles in programming lymphatic valve development [37]. Moreover, GATAZ function is
required for proper lymphatic vascular development during embryogenesis [38]. Recently,
several groups reported that human patients with GA 7A2 mutations presented symptoms of
primary lymphedema [37,39,40], underscoring the vital role of transcription factor GATA2
in lymphatic development. Even though expression of Lmo2 has been shown in lung
lymphatic microvascular EC [28], its role during lymphatic development and tumor
lymphangiogenesis is still unknown.

NRP1 and NRP2, first described as receptors for class-3 semaphorins (SEMA3A-G) that
regulate axon guidance during nervous system development, are also essential regulators of
vascular development [41-47]. During development, NRP1 is mostly expressed in arteries
and NRP2 in veins and lymphatics. In EC and LEC, NRP1s function as co-receptors of
VEGFRs for VEGF [48-50]. Indeed, NRP1/2 expression in EC increases VEGF binding to
VEGFRs, VEGFR phosphorylation and VEGF-dependent VEGFR activities such as EC
survival and chemotaxis [48,51]. Furthermore, it has been shown that NRP2 mediates
VEGF-C induced lymphatic sprouting together with VEGFR-3 [52].

In this report we have demonstrated that VEGF-induced angiogenic and lymphangiogenic
activities, including EC migration and sprouting, are GATA2- and Lmo2-dependent.
GATAZ2 and Lmo2 control angiogenesis and lymphangiogenesis via direct transcriptional
regulation of NRP2. We conclude that GATA2 and Lmo2, shown previously to be active in
regulating hematopoietic development, are novel contributors to the regulation of
angiogenesis and lymphangiogenesis via NRP2. Thus, GATA2 and Lmo2 may be promising
targets for antiangiogenic and anti-lymphangiogenic therapies.

MATERIALS AND METHODS

Cell culture

Human umbilical vein EC (HUVEC) were cultured in EBM2 medium supplemented with
EGM-2 SingleQuots (Lonza Inc.). Human microvascular EC (HMVEC) and dermal-derived
human lymphatic EC (LEC) were cultured in EBM2 medium supplemented with
EGM-2MV (Lonza Inc.). Human chronic myeloid leukemia K562 cells were cultured in
RPMI (Invitrogen) supplemented with 5% fetal bovine serum (FBS, Denville). Human
U87MG glioblastoma and A375SM melanoma cells and mouse B16F10 melanoma cells
were cultured in MEM (Invitrogen) supplemented with 10% FBS. Mouse MS1 EC were
cultured in DMEM (Invitrogen) supplemented with 5% FBS. Mouse dermal EC (MDEC)
and prostate cancer TRAMP C1 cells were kindly provided by Dr. Andrew Dudley
(University of North Carolina, Chapel Hill, NC, USA) [53].
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Immunofluorescent staining of mouse tumors

Eight-week-old female nude mice were purchased from Massachusetts General Hospital
(Boston, MA). The mice were maintained under specific pathogen-free conditions in a
facility accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care. The care and treatment of experimental animals were in accordance with the
Institutional Animal Care and Use Committee guidelines at Children’s Hospital Boston.
US7MG cells (10 cells per 100 ul of HBSS) were injected subcutaneously into the right
dorsal flank of the mice. Mice were sacrificed 6 weeks after tumor cell inoculation. Frozen
sections (8-pum thick) were fixed in acetone, followed by acetone/chloroform (1:1, v/v) and
acetone. Sections were blocked in 5% horse serum (Vector) before staining. CD31 was
detected using a rat anti-CD31 (BD Pharmingen) antibody followed by incubation with anti-
rat Alexa 568 antibody. GATA2 and Lmo2 were detected with rabbit anti-GATA2 (Abcam)
and goat anti-Lmo2 (Santa Cruz) antibodies in 5% horse serum and 0.5% triton X, followed
by incubation with biotinylated secondary antibodies (Vector) and fluorescein-avidin
(Vector). Nuclei were stained with 4,6'-diamidino-2-phenylindole. The mounted samples on
slide glasses were imaged on a Leica TCS SP2 confocal laser-scanning microscope using a
40x objective (numerical aperture 1.25).

Embryoid bodies (EBs)

R1/SVJ 129 murine embryonic stem cells were kindly provided by Dr. Andras Nagy
(Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto, ON, Canada) and
cultured as previously described [54]. At day 0, 200 cells were aggregated in hanging drops
(20 pl) and induced to differentiate by omitting leukemia inhibitory factor as previously
described [54]. Four-day-old EBs were seeded in a six-well plate in medium containing 50
ng/ml mouse VEGF (PeproTech). At day 9 of differentiation, RNA from EBs was extracted
using the RNeasyMini Kit with on-column DNase digestion (Qiagen). One microgram of
RNA was used for reverse transcription with 1 unit M-MLV reverse transcriptase (USB
Corp.). Quantitative real-time PCR was carried out with Sybr green (Applied Biosystems),
with mouse hypoxanthine-guanine phosphoribosyltransferase (HPRT) serving as internal
control. The primer sequences are shown in Supplementary Table S1. All reactions were
done in duplicate on an MX3005 instrument (Stratagene).

Isolation of mouse brain EC

Mouse brain EC were isolated from 8- to 10-week-old nude mice. Excised mouse brain
tissues were processed to obtain single cell suspension. The cells were then incubated with
anti-mouse CD31 antibody (eBioscience), and brain EC were isolated by MACS (Miltenyi
Biotec, Auburn, CA) according to the manufacturer’s protocol, using anti-rat 1gG
microbeads (Miltenyi Biotec). EC were plated onto 1.5% gelatin-coated culture plates and
grown in EGM-2MV (Lonza). To improve the purity of brain EC, magnetic sorting was
performed using two MACS columns set up in series.

Transfections

The full-length NRP2 construct has been previously described [55]. HUVEC were
transfected using Superfect reagent (Qiagen).

siRNA knockdown

GATAZ2 siRNA has been previously described [20]. Lmo2 (sc-38027) and NRP2
(M-017721-01-0005) siRNAs were purchased from Santa Cruz Biotechnology, Inc. and
Thermo Fisher Scientific, respectively. As a control, a SiRNA duplex with an irrelevant
sequence (Ambion Inc.) was used. Cells were transfected with 20 nM siRNA using
SilentFect reagent (Bio-Rad Laboratories).

Angiogenesis. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Comaetal. Page 5

RNA isolation and analysis

Total RNA was isolated from the cells using the RNeasy kit (Qiagen). cDNA was prepared
using Superscript 11 enzyme (Invitrogen Corp.) and 1 ug total RNA. For quantitative real-
time PCR analysis, the 1Q SYBR Green Supermix (Bio-Rad Laboratories) was used.
Oligonucleotide primers are listed in Supplementary Table S1. Beta-2 microglobulin (B2M)
was used as an internal control. Reactions were run on a LightCycler (Roche Applied
Science). Each experiment was done in duplicate and repeated three times.

Immunoblot

Cells were lysed and immunoblotted as described previously [56]. Specific proteins were
detected after incubation with anti-NRP1, -NRP2, (Santa Cruz Biotechnology, Inc.), -
VEGFR-2 (Cell Signaling), -GATA2, -Lmo2 (Abcam) and -B-actin (Sigma-Aldrich Corp.)
antibodies.

Cell migration

Transwells (Corning Inc.) with an 8.0-um pore size were coated with a 0.5% gelatin
solution. siRNA-treated HUVEC (2.5 x 10%) in 0.5% FBS/EBM2 were added to the upper
wells. EBM2 containing 0.5% FBS, 10 ng/ml VEGF-A (National Cancer Institute) and 1 ug/
ml heparin were added to the lower wells. Cells that migrated through the filter after 16
hours were stained and counted by phase microscopy as described earlier [56]. The
experiment was repeated three times in duplicate. The results represent the average of the
three experiments.

Spheroid-based angiogenesis/lymphangiogenesis assay

Early passage mouse brain EC, HUVEC LEC subsequent, were suspended and then
aggregated overnight in hanging drops (25 pl) to form cellular spheroids (500 cells/
spheroid). Spheroids were embedded into collagen gels, and then 25 ng/ml VEGF-A or 500
ng/ml VEGF-C in EGM2 medium were added on top of the gel. After 24 hours, /n vitro
angiogenesis/lymphangiogenesis was quantified by measuring the number and the
cumulative length of sprouts that had grown out of each spheroid using NIH ImageJ
software. Ten to fifteen spheroids per experiment group were analyzed. For
immunofluorescent staining, spheroids were fixed with 4% paraformaldehyde, followed by
permeabilization with 0.2% Triton X-100 in PBS. F-actin and nuclei were stained with
Alexa Fluor 488 phalloidin (Invitrogen) and 4,6'-diamidino-2-phenylindole, respectively.
Spheroids were imaged on a LeicaTCS SP2 confocal laser-scanning microscope using a 10x
objective (numerical aperture 1.4).

Promoter luciferase constructs

The human NRP2 promoter region was cloned from a human genomic PAC library as
previously described [57]. A 1831 bp fragment spanning —2037 to —206 relative to the start
codon at position + 1 was ligated into the pGL3 basic luciferase reporter vector [56]. A
NRP2 promoter-luciferase deletion construct containing an internal deletion in the promoter
was generated by PCR using the following forward primer: 5'-
TCAAGTCAGAGATCTTCGGCCTGAAAAGGCAGTGG-3' (622 bp fragment spanning
—828 to —206). Site-specific mutagenesis was carried out with the Quick-Change XL-Kkit
(Stratagen).

Luciferase reporter assay

HUVEC were transfected with 2 ug of the NRP2 promoter-luciferase constructs or pGL3
empty vector and 100 ng of a Renilla luciferase vector (used as a transfection efficiency
control) (Promega Corp.). After 24 h, cells were transfected either with control or GATA2/
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Lmo2 siRNAs. After 48 h, cells were lysed and luciferase activities were measured with the
dual-luciferase reporter Assay System (Promega Corp.), with the reporter activities
normalized to Renilla luciferase activity. Each transfection was done in duplicate and
repeated at least three times.

Chromatin immunoprecipitation (ChlP)

RESULTS

ChIP assays were carried out using the Chromatin Immunoprecipitation Assay Kit from
Active Motif (Carlsbad). DNA from HUVEC was immunoprecipitated with the anti-GATA2
and anti-Lmo2 antibodies or normal 1gG as a negative control, according to the
manufacturer instructions. Immunoprecipitated DNA was amplified by PCR using specific
primers for the GATA2 sequence present in the human NRP2 promoter: forward 5’-
CGCCGCCTTAACTTCGATCC-3'; reverse 5'-CCTCGCTCGCGATCTCTGCC -3' (247
bp PCR product).

GATA2 and Lmo?2 are expressed by cultured primary EC and by tumor-associated blood
vessels in vivo

GATAZ2 and Lmo2 are two transcription factors that were originally found to be expressed
by HPC. However, these transcription factors were also expressed by cultured human
primary EC, including HUVEC and HMVEC (Fig. 1A), consistent with previous reports
[20,27,28]. Human chronic myeloid leukemia K562 cells, which are from hematopoietic
origins, expressed levels of GATA2 and Lmo2 comparable to EC. In contrast, two tumor
cell lines of non-hematopoietic origins, human U87MG glioblastoma and A3755M
melanoma cells, expressed neither GATA2 nor Lmo2. Pancreatic microvascular EC (MS1)
and mouse primary dermal EC (MDEC) expressed GATAZ2 and Lmoz2 as well, whereas
prostate cancer TRAMP C1 cells and B16F10 melanoma cells did not (Fig. 1B).

In addition to cultured primary EC, GATA2 and Lmo2 were expressed by tumor-associated
blood vessels in mouse tumor models. U87MG cells were injected subcutaneously into nude
mice and, after 4-6 weeks, tumor sections were analyzed for expression of GATA2 and
Lmo2 (Fig. 1C). In order to identify the tumor vasculature, cryosections were
immunostained with an antibody to the murine endothelial marker CD31. GATAZ2 (Fig. 1C,
leff) and Lmo2 (Fig. 1C, right) were detected in blood vessels present in U87MG tumors, as
displayed in the merged image showing co-localization of GATAZ2 or Lmo2 immunostaining
with CD31 expression. Blood vessels present in A375SM tumors expressed GATAZ and
Lmo2 as well (data not shown). Collectively, these findings confirm that GATAZ2 and Lmo2
are two hematopoietic transcription factors expressed by cultured primary EC and by tumor-
associated blood vessels /n vivo.

GATAZ2 and Lmo2 expression is upregulated during VEGF-A-induced sprouting
angiogenesis in differentiating embryonic stem cells and in primary EC

To delineate the roles of GATAZ2 and Lmoz2 in vasculogenesis and angiogenesis, we
analyzed GATA2 and Lmo2 expression in EBs, a model of VEGF-induced differentiating
embryonic stem cells subjected to 2D or 3D cultures [58] (Fig. 1D, fop). We have previously
shown that VEGF-induced sprouting angiogenesis in EBs resulted in an upregulation of
VEGF receptor expression, including VEGFR-2, NRP1 and NRP2 [59], consistent with the
induction of EC differentiation and sprouting. GATAZ2 and Lmo2 expression in
differentiating EBs was analyzed by quantitative real-time PCR. After 9 days of VEGF-
induced differentiation, GATA2 (50-fold) and Lmo2 (20-fold) mMRNA levels were
significantly upregulated (Fig. 1D, bottom). The mRNA levels are relative to day 4, when
EBs were plated and VEGF-A was added.
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Since the increase in MRNA expression of GATA2 and Lmo2 in EBs could result from
either differentiation, sprouting angiogenesis or both, we analyzed GATA2 and Lmo2
mRNA levels in primary EC in a 3D /n vitro angiogenesis spheroid assay (Fig. 1E). Early
passage mouse brain EC were suspended and then aggregated overnight in hanging drops to
form cellular spheroids (500 cells/spheroid). Spheroids were then embedded in collagen gels
and either left untreated or treated with VEGF-A (25 ng/ml) (Fig. 1E, fop). After 16 hours of
VEGF-induced sprouting, GATAZ (2-fold) and Lmo2 (4-fold) mRNA levels were
significantly upregulated (Fig. 1E, bottom).

Together, these results show that VEGF-induced sprouting angiogenesis in differentiating
EBs and in primary EC increases levels of GATA2 and Lmo2, suggesting that these two
transcription factors may play a key role in EC function.

GATA2 and Lmo2 are necessary for VEGF-A-induced EC function

To elucidate the role of GATA2 and Lmo2 in EC function, we analyzed whether
downregulation of GATA2 and Lmo2 expression would affect VEGF-induced EC migration
and sprouting /n vitro, two key steps of angiogenesis /n vivo. GATA2, Lmo2 or both
GATAZ2 and Lmo2 (GATA2/Lmo2) expression was knocked down in HUVEC using
SiIRNAs. GATA2 and Lmo2 expression in HUVEC was downregulated efficiently 72 hours
after siRNA transfection (Fig. 2A). Proliferation assays confirmed that siRNA treatment did
not have any effect on cell survival (Supplementary Fig. S1), indicating that GATAZ2 and
Lmo2 are not essential for EC survival and growth in vitro. Silencing of GATA2 or Lmo2
expression individually inhibited VEGF-induced EC migration by 70% and 60%,
respectively (Fig. 2B). A complete inhibition of EC migration was observed when silencing
expression of both GATA2/Lmo2. A complete inhibition of VEGF-induced EC migration
was also observed when silencing expression of both GATA2/Lmo2 in HMVEC
(Supplementary Fig. S2).

Sprouting of EC is another important property of angiogenesis /n vivo. Silencing of GATA2,
Lmo2 or both GATA2/Lmo2 was tested for effects on EC sprouting in a 3D in vitro
angiogenesis spheroid assay. HUVEC spheroids, with defined size and cell number, were
embedded in collagen gels and then treated with VEGF-A (25 ng/ml). Outgrowth of
capillary-like structures was assessed. Control siRNA-transfected HUVEC spheroids
generated numerous sprouts after VEGF-A treatment (Fig. 2C a vs. b). In contrast, silencing
of GATAZ2 (Fig. 2C b vs. d) or Lmo2 (Fig. 2C b vs. f) strongly inhibited VEGF-induced
sprouting (75% and 50%, respectively). A complete inhibition of VEGF-induced EC
sprouting was observed when silencing expression of both GATA2/Lmo2 in HUVEC (Fig.
2C b vs. h). Together, siRNA-mediated downregulation of GATA2/Lmoz2 in cultured
primary human EC demonstrated that VEGF-induced angiogenic activity, including EC
migration and sprouting /n vitro, is GATA2/Lmo2-dependent.

GATA2 and Lmo?2 are necessary for VEGF-A/C-induced LEC function

We found that dermal-derived human primary LEC in culture expressed GATA2 and Lmo2
at levels similar to those of EC (Fig. 3A). LEC differ from EC in that their cellular responses
to VEGF are mainly regulated by VEGF-C instead of VEGF-A. Therefore, we investigated
whether downregulation of GATAZ2 and Lmo2 would affect VEGF-C-induced LEC
sprouting /n vitro, a key step of lymphangiogenesis /n vivo. GATA2 and Lmo2 expression
was knocked down in LEC using siRNAs. GATA2 and Lmo2 mRNA levels in LEC were
downregulated efficiently 72 hours after transfection (Fig. 3B). Proliferation assays
confirmed that siRNA treatment did not have any effect on cell survival (Supplementary
Fig. S3). Control siRNA-treated LEC spheroids generated numerous sprouts after VEGF-C
treatment (Fig. 3C a vs. ). In contrast, silencing of both GATA2/Lmo2 in LEC spheroids
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almost completely inhibited the formation of lymphatic endothelial sprouts /n vitro (Fig. 3C
c vs. d). Silencing of GATAZ or Lmo2 expression individually inhibited VEGF-C-induced
LEC migration by 75% and 50%, respectively (data not shown). VEGF-A also induced LEC
sprouting in control siRNA-treated LEC spheroids (Fig. 3C a vs. €), and silencing of both
GATA2/Lmo2 inhibited VEGF-A-induced LEC sprouting (Fig. 3C e vs. f).

Taken together, these results demonstrate that GATAZ2 and Lmo2 are expressed by cultured
primary human LEC and that they are required for VEGF-C/A-induced lymphangiogenic
activity, including LEC sprouting /n vitro.

GATA2/Lmo2 knockdown downregulates the expression of the main VEGF receptors

To identify molecular mechanisms underlying the GATA2/Lmo2-dependent regulation of
VEGF-induced angiogenesis and lymphangiogenesis, we analyzed whether GATA2 and
Lmo?2 regulated gene expression of the main VEGF receptors, including VEGFR-1-3 and
NRP1, 2.

siRNA-mediated downregulation of both GATA2/Lmo2 in EC downregulated the
expression of VEGFR-2, the major VEGFR in EC, as well as the expression of VEGFR-1,
VEGFR-3, NRP1 and NRP2 (Fig. 4A, B, top). Silencing of GATA2/Lmo2 in LEC
downregulated the expression of VEGFR-3, the major VEGFR in LEC, as well as the
expression of VEGFR-1, VEGFR-2, NRP1 and NRP2 (Fig. 4A, B, bottom). These results
suggest that GATA2 and Lmo2 act upstream of VEGFR1-3, NRP1 and NRP2 and that EC
and LEC lose certain features of their identity with the reduction of GATA2 and Lmo2.

NRP2 knockdown causes the same defects of in vitro EC and LEC sprouting as GATA2/
Lmo2 knockdown

It has been previously reported that GATAZ2 regulates VEGFR-2 expression during VEGF-
induced angiogenesis [20]. However, NRP1 and NRP2, two key co-receptors of VEGFR for
VEGF, were not analyzed in this study. Interestingly, we found that GATA2/Lmo2
knockdown downregulated NRP1 and NRP2 expression in both EC and LEC. However,
only NRP2 was further investigated in this study since, in addition to being a key co-
receptor of VEGFR-2 in vascular EC, NRP2 is the main co-receptor of VEGFR-3 in LEC
[51,52,60]. Thus, in contrast to NRP1, which is mainly expressed in vascular EC, NRP2 has
an important role in both vascular EC and LEC, all together suggesting that NRP2 might be
a physiologically relevant GATA2/Lmo2 downstream target gene Jin vitro for both VEGF-
induced angiogenesis and lymphangiogenesis.

To confirm this hypothesis, first we analyzed whether silencing of NRP2 expression in EC
and LEC would inhibit EC and LEC function as GATA2/Lmo2 knockdown. Silencing of
GATAZ2/Lmo2 expression in EC and LEC expression downregulated NRP2 expression at
the protein level (Fig. 5A, top). Similarly, NRP2 expression in EC and LEC was
downregulated efficiently 72 hours after siRNA transfection (Fig. 5A, bottom). Our above-
described results demonstrated that GATA2/Lmo2 knockdown in EC and LEC spheroids
almost completely inhibited the formation of endothelial sprouts in vitro. A decrease in
NRP2 expression mediated by NRP2 siRNA inhibited VEGF-A-induced EC sprouting and
VEGF-A/C-induced LEC sprouting similar to that of GATA2/Lmo2 knockdown (Fig. 5B),
suggesting that GATA2 and Lmo2 mediate VEGF-induced angiogenesis and
lymphangiogenesis by modulating the expression of NRP2.
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NRP2 overexpression rescues the impaired sprouting in GATA2/Lmo2 knockdown EC and

LEC

Our above-described results demonstrated that GATA2/Lmo2 knockdown (Fig. 6Aa) as well
as NRP2 knockdown (Fig. 6Ab) inhibited EC and LEC function, measured as EC and LEC
migration and sprouting /n vitro. If GATAZ2 and Lmo2 mediate VEGF-induced angiogenesis
and lymphangiogenesis by regulating NRP2 gene expression, our prediction was that ectopic
expression of NRP2 in GATA2/Lmo2 knockdown EC and LEC would rescue the sprouting
defects in GATA2/Lmo2 knockdown EC and LEC (Fig. 6Ac). To test this hypothesis,
HUVEC were transfected with control or NRP2 constructs, and cells were then transfected
with control or GATA2/Lmo2 siRNAs (Fig. 6A, B). As shown above, silencing of GATA2/
Lmo2 gene expression in HUVEC cells downregulated NRP2 expression as well as NRP1
and VEGFR-2 expression (Fig. 6B, lane 2 vs. 3). However, when GATA2/Lmo2
knockdown HUVEC were transfected with a NRP2 construct, NRP2 levels were increased,
whereas NRP1 and VEGFR-2 levels remained downregulated (Fig. 6B, lane 4 vs. 2).
Proliferation assays confirmed that NRP2 overexpression did not have any effect on cell
survival (Supplementary Fig. S4). Silencing of GATA2/Lmo2 expression in EC decreased
the angiogenic responses of EC by 90% (Fig. 6C, a vs. b). In contrast, overexpression of
NRP2 in GATA2/Lmo2 knockdown EC partially rescued VEGF-A-induced angiogenic
activity, from a 90% inhibition to a 50% inhibition (Fig. 6C, ¢ vs. d). Similar results were
obtained when using LEC (Supplementary Fig. S5), all together suggesting that GATA2 and
Lmo2 mediate angiogenesis and lymphangiogenesis, at least in part, by modulating the
expression of NRP2,

Direct regulation of NRP2 transcription by GATA2 and Lmo2

To determine whether NRP2 is a direct downstream target of GATA2 and Lmo2, we
isolated a fragment extending 1831 bp in the 5'-flanking region of the human NRP2 gene
from a human genomic PAC library [56]. The NRP2 promoter contained a GATA binding
site at position —863 upstream from the translation start site (Fig. 7A). Chromatin
immunoprecipitation (ChlP) assays showed that NRP2 promoter immunoprecipitated with
GATAZ2 or Lmoz2 antibodies (Fig. 7B). The constructs containing a point mutation or a
deletion in the GATA binding site displayed 90% and 60% reduction of its activity,
respectively (Fig. 7C), confirming that this GATA binding site is necessary for NRP2
promoter activity. Furthermore, NRP2 promoter activity was decreased in HUVEC
transfected with GATA2/Lmo2 siRNAs (Fig. 7D). Collectively, these results confirm that
GATAZ2 and Lmo2 act as positive regulators to enhance NRP2 expression.

DISCUSSION

A common precursor for HPC and EC, the hemangioblast, has been postulated, given that
many genes involved in hematopoiesis also participate in vascular development [1-6].
Examples are GATA2 and Lmo2, two transcription factors that form common transcription
complexes during HPC differentiation. In this study, we have demonstrated that GATAZ2 and
Lmo2 cooperatively regulate VEGF-induced angiogenesis and lymphangiogenesis. Thus, we
reveal a crucial role for GATA2 and Lmo2 in EC and LEC function, suggesting molecular
commonalities in the function of the vascular and hematopoietic systems.

To demonstrate a direct role for GATAZ2 and Lmo2 in VEGF-induced angiogenesis, we
performed experiments on cultured primary EC. We found that GATA2 and Lmo2 are
necessary for VEGF-induced EC migration and sprouting /n vitro, two properties that
contribute to angiogenesis /n vivo. In addition, VEGF-induced sprouting angiogenesis in
both differentiating EBs and in primary EC was accompanied by increased levels of GATA2
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and Lmo2, supporting a role for GATA2 and Lmo2 in EC function. Whether GATA2 and
Lmo2 regulate angiogenesis induced by other angiogenic factors was not analyzed.

There are several reports demonstrating that GATAZ2 and Lmoz2 are key regulators of
angiogenesis. For example, it has been shown that GATAZ2, in addition to mediating
mechanosignaling-dependent angiogenesis, governs vascular integrity [20, 61]. On the other
hand, it is known that Lmo2 regulates angiogenesis in mice [31,32]. We found that silencing
of GATAZ inhibited VEGF-induced EC migration and sprouting by 70% and 75%
respectively, whereas silencing of Lmo2 inhibited VEGF-induced EC migration and
sprouting by 60% and 50%, respectively. However, a novel finding was that a complete
inhibition of VEGF-induced EC migration and sprouting was observed when silencing both
transcription factors in EC, indicating that GATAZ2 and Lmo2 cooperatively regulate EC
function. These results are in good agreement with previous studies showing that GATA2
and Lmo2 form common transcription complexes in both HPC and EC [25-27]. We suggest
that GATA2 and Lmo2 are novel contributors in the regulation of physiological
angiogenesis. GATA2 and Lmo2 were also expressed by tumor-associated blood vessels in
U87MG glioblastoma and A375SM melanoma mouse tumor models. Thus, these
transcription factors may regulate tumor angiogenesis as well. It would be of interest to
analyze GATAZ2 and Lmo2 expression in angiogenic human tumors as well as other
angiogenic pathologies, such as vascular retinopathy.

GATAZ is also crucial for lymphatic valve development and also for proper lymphatic
vascular development [37,38]. Recently, several groups reported that human patients with
GATAZ mutations presented symptoms of primary lymphedema [37,39,40], underscoring
the vital role of transcription factor GATAZ2 in lymphatic development. Here we
demonstrate that, in addition to being expressed in HPC and EC, GATA2 and Lmoz2 are also
expressed by cultured primary human LEC. Furthermore, we find that GATA2 and Lmo2
are necessary for VEGF-induced LEC sprouting /n vitro, a key step of lymphangiogenesis /n
vivo. Thus, we provide a crucial role for GATA2 and Lmo2 in LEC function, particularly in
controlling LEC sprouting.

A novel finding is that GATA2 and Lmo2 are master regulators of the VEGF/NRP/VEGFR
signaling axis. We found that siRNA-mediated downregulation of GATA2/Lmo2 in EC and
LEC inhibited the expression of the main VEGR receptors, including VEGFR1-3 and NRP1,
2. Thus, we provide evidence that GATA2 and Lmo2 act upstream of the main VEGF
receptors and that EC and LEC lose certain features of their identity with the reduction of
GATAZ2 and Lmoz2.

Even though both NRP receptors were downregulated in GATA2/Lmo2 knockdown EC and
LEC, we focused our attention on NRP2 since, in addition to being a key co-receptor of
VEGFR-2 in vascular EC, NRP2 is the main co-receptor of VEGFR-3 in LEC [51,52,60].
Thus, in contrast to NRP1, which is mainly expressed in vascular EC, NRP2 has an
important role in both vascular EC and LEC. Indeed, silencing of NRP2 in EC and LEC
almost completely inhibited VEGF-induced EC and LEC sprouting /n vitro, similar to the
complete inhibition of VEGF-induced EC and LEC sprouting observed when silencing
GATA2/Lmo2 in EC and LEC. Here we demonstrate that GATAZ2 and Lmo2 mediate
VEGF-induced angiogenesis and lymphangiogenesis via NRP2. As evidence, siRNA-
mediated downregulation of both GATA2/Lmo2 expression inhibited NRP2 expression at
both the mRNA and the protein levels, and NRP2 overexpression in GATA2/Lmo2
knockdown cells partially rescued the impaired sprouting observed in GATA2/Lmo2
knockdown cells. Partial rescue of the GATA2/Lmo2 knockdown phenotype by NRP2
expression indicates that the other VEGF receptors may also be involved, consistent with
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previous results showing that silencing of GATAZ2 expression in EC inhibited VEGF-
induced angiogenesis via VEGFR-2 [20].

It has been reported that GATAZ2 and Lmo?2 interact with other transcription factors to form
multimeric transcription complexes. Among these is the basic helix-loop-helix transcription
factor Tall/Scl. Similar to GATA2 and Lmo2 knockdown in EC and LEC, silencing of Tal1/
Scl in HUVEC inhibited /n vitrotube formation [27]. Even though Tal1/Scl forms common
transcriptional complexes with GATAZ and Lmo2 to regulate the expression of VE-cadherin
and Angiopoietin-2 in HUVEC [27,28], whether knockdown of both GATA2 and Lmo2
inhibited /n vitro tube formation was not analyzed in these studies. Thus, novel findings are
that: i) GATAZ2 and Lmo2 cooperatively regulate VEGF-induced angiogenesis and
lymphangiogenesis; and ii) GATA2 and Lmo2 mediate EC and LEC function, at least in
part, by directly regulating NRP2 gene expression.

We have demonstrated that NRP2 is a direct target gene of the GATA2/Lmo2 transcription
complex. Silencing of GATA2/Lmo2 in EC inhibited NRP2 promoter activity and
expression and, as a functional consequence, inhibited VEGF-induced angiogenesis and
lymphangiogenesis. Thus, these data demonstrate a previously unknown mechanism that
regulates NRP2 gene expression in EC and LEC. However, GATA2 and Lmo2 are not the
only transcriptional regulators of NRP2 expression. The homeobox-containing transcription
factor Prox1, the mammalian homologue of the Drosophila gene prospero, is a marker for
LEC. It has been shown previously that Prox1 downregulated NRP1 expression in EC [62],
but whether Prox1 also regulates NRP2 expression remains unknown. COUPTFII, an orphan
member of the nuclear receptor superfamily, is another marker for LEC. Indeed, knockdown
of COUPTFII inhibited NRP2 expression in LEC [63] and increased NRP1 in vein
vasculature [64]. We suggest that GATA2 and Lmo2 act jointly with COUPTFII and Prox1
in the pathway of LEC specification and function, since downregulation of either factor is
able to suppress NRP2 expression and inhibit lymphangiogenesis.

In summary, we have identified GATA2 and Lmo2, shown previously to regulate
hematopoietic differentiation, as key players in the blood vascular and lymphatic systems.
GATAZ2 and Lmo2 control VEGF-induced angiogenic and lymphangiogenic activities via
regulation of NRP2, making these two proteins potentially promising targets for various
angiogenesis/lymphangiogenesis-dependent diseases, including proliferative retinopathy,
arthritis and cancer, in the future.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GATA2 and L mo2 are expressed by primary EC and by tumor-associated blood
vesselsin vivo and their expression is upregulated during VEGF-A-induced sprouting

(A) GATA2 (top) and Lmo2 (bottom) mRNA levels in human HUVEC, HMVEC, K562,
U87MG and A375SM cells. (B) GATA2 (top) and Lmo2 (bottom) mRNA levels in mouse
MS1, MDEC, C1 and B16F10 cells. (C) Confocal microscopy of immunostained sections
from U87MG tumors stained with GATAZ2 or Lmoz2 antibodies in addition to antibodies for
the blood vessel marker CD31. (D) Top: Embryonic stem cells were induced to aggregate
with the hanging drop method. At day 4, EBs were placed in a six-well plate (2D EBSs) or in
a collagen gel (3D EBs), and sprouting was induced by VEGF-A [59]. At day 9 (2D EBs) or
day 12 (3D EBs) EBs were fixed and EC were visualized by staining for CD31. Bottom: 2D
EBs were collected at different time points. mMRNA was isolated and the expression levels of
GATAZ2 and Lmo2 were analyzed by quantitative real-time PCR. GATA2 and Lmo2
expression was normalized to the levels at day 4. (E) Top: Spheroids from mouse brain EC
either left untreated or treated with VEGF-A (25 ng/ml). Bottom: Spheroids were collected
after 16 hours in collagen. mMRNA was isolated and the expression levels of GATA2 and
Lmo2 were analyzed by quantitative real-time PCR.
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Figure2. GATA2 and L mo2 are necessary for VEGF-A-induced EC migration and sprouting in

vitro

(A) GATAZ2 (top) and Lmo2 (bottom) mRNA levels in HUVEC transfected with either
control, GATA2, Lmo2 or GATA2/Lmo2 siRNAs. (B) Transwell cell migration of HUVEC
transfected with either control, GATA2, Lmo2 or GATA2/Lmo2 siRNAs. Media containing
VEGF-A and heparin were added to the lower wells. (C) Representative images (left) and
statistical summary (right) of 3D spheroid-based /n vitro angiogenesis assays, with spheroids
generated from control (a, b), GATAZ2 (c, d), Lmo2 (e, f) or GATA2/Lmo2 (g, h) siRNAs-
treated HUVEC, either left untreated or treated with VEGF-A (25 ng/ml).
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Figure3. GATA2 and L mo2 are necessary for VEGF-A/C-induced L EC sprouting in vitro

(A) GATAZ2 (top) and Lmo2 (bottom) mRNA levels in HUVEC and LEC. (B) GATA2 (top)
and Lmo2 (bottom) mRNA levels in LEC transfected with either control or GATA2/Lmo2
SiRNAs. (C) Representative images (left) and statistical summary (right) of 3D spheroid-
based /in vitro lymphangiogenesis assays, with spheroids generated from control (a, c, €) or
GATA2/Lmo2 (b, d, f) siRNA-treated LEC, either left untreated or treated with VEGF-C
(250 ng/ml) or VEGF-A (25 ng/ml).
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Figure4. GATA2/Lmo2 knockdown downregulates the expression of the main VEGF receptors
VEGFR-1, VEGFR-2 and VEGFR-3 mRNA levels (A) and NRP1 and NRP2 mRNA levels
(B) in HUVEC (top) and LEC (bottom) transfected with either control or GATA2/Lmo2
SiRNAs.
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Figure5. Silencing of NRP2 inhibits VEGF-induced EC and L EC sprouting similar to that of
GATA2/Lmo2 knockdown

(A) Top: NRP2, GATAZ2, Lmo2 and B-actin protein levels in HUVEC (left) and LEC (right)
transfected with either control or GATA2/Lmo2 siRNAs. Bottom: NRP2 and [-actin protein
levels in HUVEC (left) and LEC (right) transfected with either control or NRP2 siRNAs.
(B) Representative images (left) and statistical summary (right) of 3D spheroid-based /n
vitro angiogenesis and lymphangiogenesis assays, with spheroids generated from control or
NRP2 siRNA-treated HUVEC or LEC, either left untreated or treated with VEGF-A (25 ng/
ml) or VEGF-C (250 ng/ml).
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Figure 6. NRP2 overexpression partially rescues the impaired sprouting in GATA2/L mo2
knockdown EC

(A) Schematic of regulation of EC and LEC function by GATA2 and Lmo2 via NRP2. a)
GATA2/Lmo2 knockdown downregulates the expression of the main VEGF receptors and
inhibits EC and LEC function, including VEGF-induced migration and sprouting. b) NRP2
knockdown inhibits EC and LEC function. c) Ectopic expression of NRP2 in GATA2/Lmo2
knockdown EC and LEC rescues the sprouting defects in GATA2/Lmo2 knockdown cells.
(B) NRP2, NRP1, VEGFR-2, GATA2, Lmo2 and -actin protein levels in HUVEC
transfected with a control construct and either with control or GATA2/Lmo2 siRNA, and
transfected with a NRP2 construct and either with control or GATA2/Lmo2 siRNAs. (C)
Representative images (left) and statistical summary (right) of 3D spheroid-based /n vitro
angiogenesis assays, with spheroids generated from HUVEC transfected with control or
NRP2 constructs and either with control or GATA2/Lmo2 siRNAs and treated with VEGF-
A (25 ng/ml).
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Figure7. NRP2isadirect target of GATA2 and Lmo2

(A) Genomic organization of the NRPZ gene. The three luciferase constructs (full-length
wild-type NRP2 promoter, NRP2 promoter containing a point mutation in the GATA
binding site and NRP2 promoter lacking the GATA binding site) are also shown. The
putative GATA binding site is indicated by a grey box. The GATA binding site with a point
mutation is depicted as a grey box with a large X. (B) ChIP assays showing that NRP2
promoter immunoprecipitated with GATA2 and Lmo2 antibodies. (C) HUVEC were
transfected with a luciferase construct (full-length wild-type NRP2 promoter, NRP2
promoter containing a point mutation for the GATA binding site or NRP2 promoter lacking
the GATA binding site). (D) The full-length wild-type NRP2 luciferase promoter vector was
co-transfected with either control or GATA2/Lmo2 siRNAs.
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