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ABSTRACT

MAM and EGF containing gene (MAEG), also called Epidermal Growth Factor-like
domain multiple 6 (EGFL6), belongs to the epidermal growth factor repeat superfamily.
The role of Maeg in zebrafish angiogenesis remains unclear. It was demonstrated
that maeg was dynamically expressed in zebrafish developing somite during a time
window encompassing many key steps in embryonic angiogenesis. Maeg loss-of-
function embryos showed reduced endothelial cell number and filopodia extensions
of intersegmental vessels (ISVs). Maeg gain-of-function induced ectopic sprouting
evolving into a hyperbranched and functional perfused vasculature. Mechanistically
we demonstrate that Maeg promotes angiogenesis dependent on RGD domain
and stimulates activation of Akt and Erk signaling in vivo. Loss of Maeg or Itgbl,
augmented expression of Notch receptors, and inhibiting Notch signaling or DIl4
partially rescued angiogenic phenotypes suggesting that Notch acts downstream of
Itgb1. We conclude that Maeg acts as a positive regulator of angiogenic cell behavior
and formation of functional vessels.

repeat-containing protein [18]. Adipose secreted MAEG
has been proved to promote proliferation of adipose
tissue-derived stromal vascular cells [19]. Moreover, that

INTRODUCTION

A number of secreted factors produced by

surrounding cells and tissues regulate angiogenesis
through mediating endothelial cells (ECs) differentiation,
proliferation, and migration [1-3]. The epidermal growth
factor (EGF) repeats is a widely distributed module
in many different proteins in single or multiple copies
that was first described in 1972 within the EGF protein
[4, 5]. Interestingly, EGF-like proteins such as Betacellulin
(BTC) [6], Heparin-binding EGF-like growth factor (HB-
EGF) [7-10], and EGFL7 [11-17] have been demonstrated
to play vital roles in angiogenesis and endothelial cell
behaviors. MAEG (MAM and EGF containing gene),
also named EGFL6, was first identified in 1999 as an EGF

osteoblastic-like cells express MAEG that is capable of
promoting endothelial cell migration and angiogenesis
via ERK activation [20]. However, the functional analysis
of Maeg involved in embryonic vascular development of
vertebrate in vivo is thus far lacking.

The vascular network develops in a conserved
manner in all vertebrates. The zebrafish (Danio rerio)
model system offers distinct advantages for in vivo
studies of the vascular development [21]. In the present
study, we analyzed the expression dynamics of Maeg in
zebrafish developing somite by using whole-mount in situ
hybridization, and immunostaining. Then we examined
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embryos. We observed the excessive branching of ISVs
in maeg mRNA injected embryos (Figure 4A). In control
48 hpf embryos, the paralleled ISVs from DA or PCV are
separated single tubes and directly connected to the DLAV
(Figure 4A-41). In maeg up-regulated embryos, there were
usually two sorts of phenotypes of excessively branched

ISV. One of those is ISV from the axial vessels gave rise to
two sprouts and connected with DLAV respectively, forming
Y-shaped structure (Figure 4A-4ii). And another is that one
of the ISVs branched an additional sprout from its middle
position to connect with adjacent one, forming H-shaped
structure (Figure 4A-4ii; Supplementary Figure S4A). More

Figure 1: Maeg dynamically expressed in zebrafish developing somite. Expression of maeg was analyzed by whole mount in
situ hybridization and whole mount antibody staining. A. 1-cell, lateral view, no staining. B. 30% epiboly, lateral view, no staining. C. 10
hpf, lateral view, no staining. D. 12 hpf, lateral view, arrow indicates somite. D’. 12 hpf, lateral view, arrows indicate somite. E. 15 hpf,
lateral view, arrow indicates somite. F. 22 hpf, lateral view, arrow indicates somite. G. 26 hpf, lateral view, arrow indicates somite, square
in dash line indicates the magnified region in G’. red line indicates the section position G”, G”. 26 hpf, dorsal view, arrows indicate
myotomes. H. 30 hpf, lateral view, arrow indicates somite, square in dash line indicates the magnified region in H’, 1. 48 hpf, lateral view,
arrow indicates somite, square in dash line indicates the magnified region in I’, J. 60 hpf, lateral view, arrow indicates somite. K. 26 hpf,

lateral view, arrowheads indicate somites, arrows indicate somite borders.
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than 80% maeg over expression embryos had no less than
one excessively branched ISV (Figure 4B). We also noted
these aberrant branching points mostly happened in the
dorsal half of the ISVs. In some cases, these phenotypes
combined or repeated to form more complex structures

with blood flow (Figure 4A). The diameter of ISV in maeg
gain of function embryos is slightly larger than that in
control embryos (Figure 4C). And over expression of maeg
did not significantly affect the diameters of axial vessels
(Figure 4D, 4E). Furthermore we checked the identity

(Figure 4A-4ii, Supplementary Figure S4B, S4C). These
aberrant vessel connections formed a lumen and perfused

of those hyperbranched ISVs and found around 75% of
them were arteries. In addition we observed significant

A AEG TALEN taget site in maeg
exon1 (20 exon2 2 exon3 525 exond —if exon12
Left arm

TGGATCAGCGCTCTCTCACTCCTGCTGTCTTTTACACTAGGAACTGCAGATCA
ACCTAGTCGCGAGAGAGTGAGGACGACAGAAAATGTGATCCTTGACGTCTAGT

Right arm
B WT| TGGATCAGCGCTCTCTCACICCTECCTETCTTTTACACTGGGAACTGCAGATCACAGGTAAA

% | TGGATCAGCGCTCTCTCACTC———————— TTTTACACTGGGAACTGCAGATCACAGGTAAA(-8)
% £| TGGATCAGCGCTCTCTCACTC——————— CTTTTACACTAGGAACTGCAGATCACAGGTAAA(-7)
s & | TGGATCAGCGCTCTCTCACT——————— TCTTTTACACTGGGAACTGCAGATCACAGGTAAA(-7)
§§’ TGGATCAGCGCTCTCTCACTCC—————~— CTTTTACACTAGGAACTGCAGATCACAGGTAAA(-6)
s 8 | TGGATCAGCGCTCTCTCACTCC-~~~~ TCTTTTACACTGGGAACTGCAGATCACAGGTAAA(-5)
K £ | TGGATCAGCGCTCTCTCACTCC————— ACTTTTACACTGGGAACTGCAGATCACAGGTAAA(-S)
§§ TGGATCAGCGCTCTCTCACTCCTGCT---TTTTACACTGGGAACTGCAGATCACAGGTAAA(-3)

& | TGGATCAGCGCTCTCTCACTCCTGCTGTCTTTTTACACTGGGAACTGCAGATCACAGGTAAA(+1)

C DNAsequences of F1 adult fish lines (Fin clip)
WT | TGGATCAGCGCTCTCTCACTCCTEETETCTITTACACTGGGAACTGCAGATCACAGGTAAA

"2 TGGATCAGCGCTCTCTCACTC———————— TTTTACACTGGGAACTGCAGATCACAGGTAAA(-8)
..g TGGATCAGCGCTCTCTCACTCCTGCTGTCTTTTTACACTGGGAACTGCAGATCACAGGTAAA(+1)
S [TGGATCAGCGCTCTCTCACTC—==——-- CTTTTACACTAGGAACTGCAGATCACAGGTAAA(-7)

D Protein sequences of F1 adult fish lines
W T (506AA)

Mutant(-8) N (51AA)
Mutant(+1) Il (32AA)

Mutant(-7) I (15AA)

Figure 2: Generation of zebrafish maeg mutant using TALENSs. A. Schematic diagram showing TALEN targeting site on the first
exon of maeg gene. Starting codon (ATG) site is indicated by arrow. The left and right TALEN targeting sites are highlighted in purple. B.
Mutation pattern of TALEN-injecting embryos. Numbers in the brackets show the number of nucleotides were deleted (—) or inserted (+).
Inserted nucleotide is in red. WT, wild-type. C. Three heritable mutants were identified by screening. FO founder fish were out-crossed with
WT fish to produce F1, and the DNA extracted from tail fins of F1 adults were used for identification of heritable mutants by sequencing.
D. Schematic diagram showing the predicted proteins encoded by the three mutated alleles. The mutants are reading frameshift mutations
that result in truncated proteins. The gray rectangles indicate the wrong coded amino acid sequences.
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hyperbranching in subintestinal vessels (SIV) (Figure 4F).
Overexpression of maeg resulted in the SIV became a
much more complex structure, with the ECs numbers and
branch points increased dramatically (Figure 4F, 4G, 4H).
Interestingly, knot-like structures were observed in some
of the ISVs in maeg gain of function embryos (Figure 41).
Around 28%(5 of 18) of the maeg over expression embryos
we analyzed exhibited this sort of phenotype. However, we
did not find this structure in control embryos. The knot-like
structure was also shown to continue branching and form
more complex structures (Figure 41-4iii, -vi).

Maeg regulates the endothelial tip cell behaviors

Since maeg was required for ISVs outgrowth,
we reasoned that it might play a role in governing
endothelial tip cell behaviors. To determine if this was
the case and study the cellular mechanisms underlying
the branching angiogenic defect of ISVs caused by
loss of maeg, we analyzed the effects of maeg on
tip cell behaviors in zebrafish embryos. Firstly we
examined the tip cell proliferation, and migration
using in vivo time-lapse imaging of Tg(flila:nEGFP)
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Figure 3: maeg loss of function results in the blood vessel morphogenesis defects in zebrafish embryos. A. Confocal
imaging analysis of trunk vascular and somital morphology in WT, maeg”™ and maeg morphants Tg(kdrl:EGFP) embryos at 30 hpf.
Red and white square brackets indicate the lumen of the DA and PCV, respectively. DA, dorsal aorta; PCV, posterior cardinal vein; and
DLAV, dorsal longitudinal anastomotic vessel. B. The statistics of ISV length in WT, maeg™~ and maeg morphants. One-Way ANOVA,;
*#% P<0.001. C. The statistics of DA and PCV lumen size at 30 hpf. Error bars indicate stdev.
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