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Abstract

During development, hematopoietic stem cells (HSCs) emerge from
aortic endothelial cells (ECs) through an intermediate stage called
hemogenic endothelium by a process known as endothelial-to-
hematopoietic transition (EHT). While Notch signaling, including its
upstream regulator Vegf, is known to regulate this process, the
precise molecular control and temporal specificity of Notch activ-
ity remain unclear. Here, we identify the zebrafish transcriptional
regulator evil as critically required for Notch-mediated EHT.
In vivo live imaging studies indicate that evil suppression impairs
EC progression to hematopoietic fate and therefore HSC emer-
gence. evil is expressed in ECs and induces these effects cell
autonomously by activating Notch via pAKT. Global or endothelial-
specific induction of notch, vegf, or pAKT can restore endothelial
Notch and HSC formations in evil morphants. Significantly, evil
overexpression induces Notch independently of Vegf and rescues
HSC numbers in embryos treated with a Vegf inhibitor. In sum, our
results unravel evil-pAKT as a novel molecular pathway that, in
conjunction with the shh-vegf axis, is essential for activation of
Notch signaling in VDA endothelial cells and their subsequent
conversion to HSCs.

Keywords AKT; endothelial-to-hematopoietic transition; EVI1; hematopoietic
stem cells; Notch; VEGF

Subject Categories Development & Differentiation; Signal Transduction;
Stem Cells

DOI 10.15252/embj.201593454 | Received 9 November 2015 | Revised 11
August 2016 | Accepted 23 August 2016 | Published online 16 September 2016
The EMBO Journal (2016) 35: 2315-2331

Introduction

The zebrafish (Danio rerio) model is increasingly used to study
vertebrate hematopoiesis. Its rapid development, external fertiliza-
tion, and embryonic transparency facilitate in vivo imaging of early

1,3,5*

embryonic processes and make it amenable for genetic and small
molecule screens (Palis & Yoder, 2001; Davidson & Zon, 2004;
Bertrand & Traver, 2009). Moreover, molecular pathways governing
blood development appear largely conserved between fish and
mammals, indicating that knowledge obtained in this model is likely
transferrable to mammalian systems. As in other vertebrates, zebra-
fish hematopoiesis develops in sequential waves (Davidson & Zon,
2004). The first hematopoietic cells appear as the primitive wave at
12 h post-fertilization (hpf) in the intermediate cell mass, an intra-
embryonic tissue derived from the ventral mesoderm (Detrich et al,
1995; Palis & Yoder, 2001). A second transient hematopoietic wave
occurs in the caudal hematopoietic tissue (CHT), where multipotent
erythromyeloid progenitors (EMPs) are generated as early as 24 hpf
(Bertrand et al, 2007, 2010b). Shortly afterward, these cells are
replaced by definitive hematopoietic stem/progenitor cells (HSPCs)
that in fish start emerging approximately at 26 hpf in the ventral
dorsal aorta (VDA)—the equivalent of the aorta—gonad-mesone-
phros (AGM) region in mammals—and then migrate to the CHT to
expand in number (Bertrand et al, 2010a; Boisset et al, 2010).
HSPCs subsequently colonize kidney marrow and thymus, the adult
hematopoietic organs, to maintain the hematopoietic pool through-
out the zebrafish life span (Jin et al, 2007; Chen & Zon, 2009).

The regulation of HSPC development in the VDA and AGM,
respectively, is subject of intense research. On the cellular level,
HSPCs arise from specialized VDA endothelial cells (ECs) referred to
as hemogenic endothelium (HE), in a process known as endothelial-
to-hematopoietic transition (EHT). Molecularly, several signaling
pathways and genes have been demonstrated to regulate both artery
and HSPC development (North et al, 1999; Burns et al, 2009; Chen
et al, 2009). For example, the Notch—gridlock pathway controls the
assembly of the first embryonic arteries, regulates arterial endothe-
lial fate specification, and is critical for definitive hematopoietic
stem cell (HSC) formation in both mammals and fish (Zhong et al,
2001; Kumano et al, 2003; Burns et al, 2005; Robert-Moreno et al,
2005). Interestingly, Notch signaling is dispensable for the specifi-
cation of primitive hematopoietic cells and EMPs (Bertrand et al,
2010b). Although arterial identity has been described as a
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prerequisite for HSCs, it is still controversial whether full arterial
specification is required for HSC generation (de Bruijn et al, 2000).
Indeed, most of the mouse and fish mutants that do not generate
arteries show defective HSC development (Kumano et al, 2003;
Burns, 2005; Robert-Moreno et al, 2008; North et al, 2009).
However, hematopoiesis is not necessarily affected in mutants with
perturbed artery-vein boundaries, if intact Notch signaling is
provided (Burns et al, 2005; You et al, 2005). Together, these data
suggest that active Notch signaling is a key factor for ECs to gener-
ate HSCs, as well as needed for full arterial specification. Precise
Notch activity levels, as achieved in ECs of the VDA at this develop-
mental time point, might in fact distinguish cells capable of differen-
tiating into blood from those that do not have this property and will
remain part of the arteries (Gama-Norton et al, 2015). Supporting
this notion, in vitro cultured ECs derived from murine AGM, human
embryonic stem (hES), or Macaca nemestrina-induced pluripotent
stem (iPS) cells require Notch induction (e.g., via genetic manipula-
tion or co-culture with ECs expressing the Notch ligands JagI and
Dli4) for generating definitive HSPCs (Gori et al, 2015; Hadland
et al, 2015). Similarly, the Notch ligand Dl4 was implicated as a
hemato-endothelial progenitor marker in hESCs and shown to regu-
late their hematopoietic differentiation (Ayllon et al, 2015).

The upstream regulatory mechanisms that control Notch levels
in ECs are not fully understood. A major inductive role has been
attributed to vascular endothelial growth factor (Vegf) and its
upstream regulator sonic hedgehog (Ssh), which both have an
essential role in regulating zebrafish HSC development in a Notch-
dependent manner (Lawson et al, 2002; Gering & Patient, 2005).
However, in contrast to direct exposure to Notch ligands (Gori et al,
2015), standard addition of Vegf to cultured ES cells cannot by itself
induce HSCs (Lengerke & Daley, 2005, 2010; Lengerke et al, 2008;
Miiller & Lengerke, 2009), indicating that additional factors may be
involved in Notch regulation. Here, we identify the zebrafish homo-
logue of the zinc finger transcription factor ecotropic viral integra-
tion site-1 (Evil, also termed Mecom) as a critical regulator of
Notch pathway induction and HSC emergence in the zebrafish VDA
endothelium.

Evil is a member of the SET/PR domain protein family and
contains ten zinc finger motifs organized into two domains, each
with distinct DNA-binding specificities (Fig EV1A; Perkins et al,
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1991; Delwel et al, 1993). Given its complex molecular structure,
Evil can interact with different molecular partners, exerting induc-
tive and/or repressive effects on several genes in a tissue-dependent
manner (Wieser, 2007). Identified several years ago as a common
locus of retroviral integration in murine myeloid tumors (Mucenski
et al, 1988), Evil has been mostly studied as an oncogene and poor
risk factor in leukemia (Suzukawa et al, 1994; Ogawa et al, 1996;
Konantz et al, 2013). However, Evil is also expressed in several
embryonic and adult tissues (e.g., heart, somites, cranial ganglia,
peripheral nervous system) and regulates proliferation and/or
differentiation of various cell types (Hirai, 1999; Wieser, 2007).
Evil~/~ mice die early, between 10.5 (Hoyt et al, 1997; Yuasa et al,
2005) and 16.5 (Goyama et al, 2008) days post-coitum, depending
on the model, and show multiple abnormalities including paleness
and reduced numbers of proliferating HSCs (Hoyt et al, 1997; Yuasa
et al, 2005; Goyama et al, 2008). Here, we use the zebrafish model
to investigate the mechanistic role of evil in developmental hemato-
poiesis. We find that evil regulates EHT and is required for the
generation of HSPCs in the VDA. Molecularly, evil regulates this
process by inducing pAKT-Notch independently of Vegf activation.

Results

Zebrafish evil expression is detectable in the VDA and required
for HSC development

Whole-mount in situ hybridization (WISH) analyses were performed
to document expression of the zebrafish homologue of the evil gene
during early zebrafish development. Consistent with data collected
in mice (Hoyt et al, 1997), evil expression is detectable in select cell
types in the brain, the branchial arches, and the posterior
pronephric duct (Fig 1A left and middle). Moreover, evil is
expressed in the zebrafish VDA at the time point of HSC emergence
and co-localizes with the endothelial marker flk1 (Fig 1A right) and
the HSC marker c-myb (Appendix Fig S1), as shown by double
WISH (Davidson & Zon, 2004). These results suggest that evil is
present in hematopoietic cells as they emerge from the aortic
endothelium and may regulate definitive hematopoiesis in a cell-
autonomous manner.

Figure 1. evilis expressed in emerging HSPCs and critically regulates definitive hematopoiesis.

A Whole-mount in situ hybridization (WISH) of evil at 20 (left) and 32 (middle) hpf. evil expression is visible in various structures of the brain, neuronal structures,
the posterior pronephric duct (ppnd), and the branchial arches (ba), as well as in the VDA (ventral dorsal aorta) region. Additionally, evil co-localizes with the

endothelial marker flk1 (right).

B,C  WISH of runx1/c-myb in HSPCs (B), mpo in neutrophils (left), and I-plastin (right) in monocytes/macrophages (C) at 36 hpfin control (upper)- and evil MO (lower)-

injected embryos.

D-G WISH of globin in erythrocytes of 6 dpf embryos (D), of rag-1 in the thymus of 5 dpf embryos (E; red asterisk), of cd41 at 52 hpf (F), and gata2b at 32 hpf (G) for

both control (upper)- and evil morpholino (lower)-injected embryos.

H Quantitation of results is shown for each gene, displaying the percentages of embryos with normal vs. changed expression in each condition. A Fisher’s exact test

was applied to calculate statistical significance. ***P < 0.001.

| WISH of runx1/c-myb in HSPCs of uninjected control and UAS:mEvil plasmid DNA-injected Tg(-1.5hsp70l:Gal4) embryos with heat-shock induction performed at

14 hpf.

J WISH of runx1/c-myb in HSPCs of uninjected control and UAS:mEvil mRNA in Tg(fli.1:Gal4FF;UAS:RFP) embryos, leading to endothelial-specific evil overexpression.
K Graph displays quantitation of results from (I) and (J), displaying the percentages of embryos with normal vs. changed expression in each condition. A Fisher’s exact

test was applied to calculate statistical significance. **P < 0.01, ***P < 0.001.

Data information: Lateral views are shown, with anterior to the left, dorsal up. Numbers indicate the amount of embryos with the respective phenotype/total number of
embryos analyzed in each experiment. Arrows indicate up- or downregulation for each gene. A minimum of two biological replicates was performed for each marker

with at least n = 5 embryos per experiment.
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To investigate the role of evil in zebrafish hematopoiesis, in vivo
loss-of-function experiments were performed and embryos treated
with two different antisense morpholino oligonucleotides (MO) to
inhibit evil pre-mRNA splicing. Both MOs result in intron preserva-
tion, thereby leading to a premature stop either in the 2°¢ (MO1) or
the 6" (MO2) zinc finger of the first zinc finger domain (Fig EV1A
and B). Transcripts in morphants were mis-spliced, whereas unin-
jected and control-injected embryos showed normal splicing
(Fig EV1C). o-Dianisidine staining was performed to exclude major
defects in vascular integrity, including hemorrhaging and/or blood
pooling, in MO-injected fish (Fig EV1D). Control and evil MO-
injected fish were analyzed by WISH for the expression of
hematopoietic genes and/or flow cytometric quantification using
transgenic reporter lines (Fig 1B-H and Appendix Fig S2). Indeed,
reduced numbers of runxl*/c-myb* HSPCs were observed in the
VDA region of evil morphants vs. control embryos at 36 hpf
(Figs 1B and H, and EV2A and C). Co-injection with zebrafish evil
mRNA in wild-type fish (Fig EV1E) and, respectively, with UAS:
mEvil plasmid DNA in Tg(fli.1:Gal4FF;UAS:RFP) fish (Fig EV1E’),
was able to rescue runxI/c-myb expression in the VDA of evil
morphants, indicating that the observed effects on HSCs were speci-
fic to evil inhibition.

Consistent with HSPC loss, lower numbers of mpo™, l-plastin™,
or lyz" myeloid cells (Fig 1C and Appendix Fig S2A, Tg(lyz:dsred):
P =0.0286) as well as hbae3 ™, globin™ erythroid cells (Fig 1D and
Appendix Fig S2B, Tg(globin:GFP): P = 0.057), ragl* T lympho-
cytes (Fig 1E, note that thymus epithelium is intact as shown in
Fig EV3A), and cd41" cells (Fig 1F and Appendix Fig S2C, Tg(cd41:
eGFP): P = 0.0286) were documented by WISH and flow cytometry
in evi morphants vs. control fish analyzed at 36 hpf to 6 dpf
(Figs 1C-H and EV2B and C). Interestingly, we also observe down-
regulation of gata2b, a recently identified early regulator of the HE
(Butko et al, 2015), in our evil morphants (Fig 1G). Together, these
data suggest that suppression of evil expression severely affects
VDA-derived HSPCs, thereby strongly reducing blood cell counts of
all definitive lineages (Figs 1H and EV2C). Further supporting the
notion that evil expression regulates definitive hematopoiesis,
increased numbers of HSPCs were observed at 32 hpf in the VDA of
UAS:mEvil-injected Tg(-1.5hsp70l:Gal4) or Tg(fli.1:Gal4FF;UAS:
RFP) embryos, in which Evil expression was conditionally induced
by heat shock or via the Gal4:UAS binary system specifically in
endothelial cells, respectively (Fig 11-K).

evil regulates HSC development by inducing EHT

Next, we explored the mechanism by which evil expression regu-
lates HSPCs. Genes marking the blood vessels (fltI and flt4,
Fig EV3B) and nearby tissues (e.g., shh in the notochord, see
Fig EV3C) showed unaltered expression. Importantly, circulation
was intact in evil morphants, suggesting that the HSPC defect was
not due to gross alteration of vascular development or blood flow,
previously shown to affect HSC formation (Adamo et al, 2009;
North et al, 2009; Movies EV1, EV2, and EV3). However, evil
morphants showed strong reduction in the expression of notchlb
and dil4 (Fig 2A), while conditional induction of Evil leads to
increased notchlb expression (Fig 2B), suggesting that evil might
regulate HSCs by modulating Notch activity. Since evil co-stained
with the endothelial marker flk1 in the VDA (Fig 1B), but evil

The EMBO journal Vol 35| No 21 | 2016

evil regulates HSC emergence via Notch ~ Martina Konantz et al

suppression did not overtly impair endothelial cells (Fig EV3B), we
asked whether EHT, the next step in HSC development, was
perturbed. Double-transgenic  Tg(kdrl:mKate-CAAX;c-myb:eGFP)
embryos were examined by in vivo confocal time-lapse microscopy
between 28 and 42 hpf, to analyze the emergence of HSPCs (c-myb:
eGFP* (green)) from the VDA (kdrl:mKate™ (red)). Consistent with
the results above, microscopy did not reveal any obvious endothe-
lial phenotype in evil morphants. In control-injected embryos,
c-myb:eGFP™ hematopoietic cells directly arose from kdrl:mKate®*
ECs along the VDA as previously described: ECs, normally flattened
in appearance, transformed into double-positive kdrl*c-myb™ cells
of spherical shape before budding into the lumen of the DA (Fig 3A,
control MO, upper panel) (Bertrand et al, 2010a; Kissa & Herbomel,
2010). However, after evil MO injection, kdrl*c-myb™ cells started
transitioning to spherical shape but could not emerge from the DA
(Fig 3A, evil MO, lower panel). In particular, endothelial kdrl™ cells
from the VDA of evil morphants began to turn yellow indicative of
acquisition of the green signal due to c-myb induction, but afterward
failed to be released into the lumen of the venous system as seen in
control embryos (see Movie EV1). To quantify these observations,
kdrl*c-myb™ cells detectable at any time in the VDA, their prolifera-
tion capacity, as well as numbers of HSPCs directly emerging from
kdrl*c-myb™ cells (as documented by live imaging) were counted in
n = 10 movies of evil morphants and control embryos, each taken
over 8 h. Interestingly, evil MO-injected embryos showed a signifi-
cantly lower amount of emerging HSPCs than control-injected
embryos (Fig 3B, P < 0.01), while no differences were detected in
dividing or total numbers of kdrl*c-myb™ cells (“kdrl"c-myb™ cells
in view”). In sum, these data indicate that evil expression is
required for full transition to the hematopoietic fate and specifically
regulates HSPCs emergence (Fig 3B) from the VDA.

To further investigate the influence of evil during EHT, we
isolated kdrl*c-myb™ cells from evil MO and control Tg(kdrl:
mKate; c-myb:eGFP) embryos, respectively, by FACS (Appendix
Fig S3) and performed qRT-PCR expression analyses of hemato-
poietic and endothelial genes. evil knockdown quantitatively
reduced the kdrl"c-myb™ cell population (2.59% vs. 1.4% of total
gated live embryonic cells, Appendix Fig S3, P < 0.05), which
comprises the kdrl*c-myb™ cells in the VDA as well as most of
emerging HSPCs, and may retain some fluorescent signal indicative
of an endothelial origin (due to the half-life of the introduced fluo-
rescent protein). Interestingly, the kdrl*c-myb™ cell population of
evil morphants also showed severe upregulation of endothelial and
downregulation of hematopoietic genes (Fig 3C), indicative of an
arrest in the transition from endothelial-to-hematopoietic cell fate.
Together, these data argue that evil expression is required for
the transition of ECs to hematopoietic fate and thereby for HSC
emergence.

HSPC emergence is determined by parallel evil and Vegf-
mediated Notch induction

One prominent regulator of early HSC development is the Notch—
Runx1 pathway (Burns et al, 2005). Although morphologically
normal, endothelial cells in the VDA of evil morphants showed
strongly reduced expression of dll4 and notchlb (Fig 2A), suggest-
ing that evil might impact HSPC emergence via Notch regulation.
Treatment with DAPT, a y-secretase inhibitor that blocks the

© 2016 The Authors
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Figure 2. Endothelial Notch signaling is dependent on evil expression levels.
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A WISH of notch1b (upper) and dll4 (lower) in both control (left)- and evil MO-injected embryos (right).
B WISH of notch1b in uninjected (left) and UAS:mEvil plasmid DNA-injected (right) Tg(fli.1:Gal4FF;UAS:RFP) embryos resulting in endothelial-specific evil induction.

Data information: Lateral views are shown, with anterior to the left, dorsal up. Squares represent enlargements of the region of interest. Numbers indicate the amount of
embryos with the respective phenotype/total number of embryos analyzed in each experiment. Arrows indicate up- or downregulation for each gene. A minimum of two
biological replicates was performed for each marker with at least n = 5 embryos per experiment. For each analyzed gene, quantitation of results is shown, displaying the
percentages of embryos with normal vs. changed gene expression for each condition. A Fisher’s exact test was applied to calculate statistical significance. n.s., not

significant; ***P < 0.001.

intracellular cleavage of Notch receptors required for signal propa-
gation, strongly inhibited HSPC formation but did not influence evil
expression, suggesting that evil is upstream of Notch signaling at
this stage of development in the VDA (Appendix Fig S4). However,
evil morphants showed unchanged expression of the Notch ligand
delta C (dlc) and the Notch target gene efnb2a, a well-established
arterial marker commonly associated with HE capable of HSC
generation (Fig EV4A and B) suggestive of a more complex regula-
tory interaction.

© 2016 The Authors

To further investigate the relationship between evil and the
Notch pathway, we next performed rescue experiments using a heat-
shock-inducible notch intracellular domain (NICD) transgenic zebra-
fish line. Indeed, defined hyper-activation of NICD at both 14 and
20 hpf robustly rescued the loss of runx1/c-myb expression in the
VDA of evil morphants (Fig 4A and F; Appendix Fig S5A and C). In
order to determine whether spatially restricted endothelial expres-
sion of NICD was sufficient to rescue HSC development in the VDA
of evil suppressed fish, we used an endothelial-specific Gal4 driver

The EMBO Journal Vol 35| No 21| 2016

2319



The EMBO Journal

2320

A live cell imaging

control MO

- —

evi1t MO

-

c-myb:GFP x kdrl:mKate-CAAX

B live cell counting

evil regulates HSC emergence via Notch

15 - n.s.
1
N p <0.01
oo n.s. 1
0 ° 1 A
8 104 —o— .
Y— ¢ A
o +
qL) * sojee S
No] ® > | | (o] 0] A
g 5 1 ° %0 e | A (m]
[ oo o R A o
L EYY o AdA -
. R ©oooo® aalaa Dgp0
T 1 00000 oooooo
0 T T - _e_ T ﬁ
control evit MO control evitf MO control evi1 MO
kdrl+c-myb+ kdrl+c-myb+ emerging
in the VDA dividing HSPCs

C gRT-PCR on sorted kdrl+/c-myb+ cells

1.2x100 4

o

D‘E 1.0x100
8.0x10°"1

6.0x10"" 4

T 4.0x107"

= B O
o

_ l i il D—a 8x105]

4x1075
0

relative gene expression

0

8

6 2.0x10" 1

° 1 = -
2 | ]

0 =

T
L

kdri  fit1  dab2  cdh5
endothelial

c-myb CD45 CD41

hematopoietic

[ evit MO ---- control MO

Figure 3. evil regulates HSC emergence from the VDA.

Confocal time-lapse live imaging was performed in Tg(c-myb:GFP; kdrl:mKate-CAAX) embryos from 28 to 42 hpf (Movie EV1). Shown are three representative time
points in which the transformation from hemogenic endothelial cells to the hematopoietic fate is visible, indicated by the white arrowheads. For each time point,

A

merged images are shown. White arrowheads denote double-positive cells.

runx1
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Cell counts of total numbers of kdrl*cmyb1* cells “in view”, dividing and, respectively, emerging HSPCs. n = 10 movies from n = 3 biological replicates were analyzed.
A nonparametric Mann-Whitney U-test was used to test for statistical significance, and error bars are shown as + s.d.
Gene expression analysis of endothelial (kdrl, flt1, dab2, cdh5) and blood-specific genes (c-myb, CD45, CD41, runx1) in sorted kdrl*c-myb* cells from 34 hpf Tg(c-myb:
GFP; kdrl:mKate-CAAX) embryos. Cells were isolated from 15 to 25 pooled embryos per sample. Three biological experiments were performed with one representative

shown. Error bars indicate s.d. of three technical replicates for each representative experiment.
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Figure 4. Global and tissue-specific activation of Notch or upstream Vegf signaling is sufficient to rescue HSPCs in evil morphants.

A
shock (HS) induction at 20 hpf.

induction (right).

20 hpf.

WISH for runx1/c-myb in 36 hpf evil morphant (left) and evil morphant transgenic Tg(5xUAS-E1b:6xMYC-notchla;-1.5hsp70l:Gal4) embryos (right) with global heat-
WISH for runx1/c-myb in 36 hpf evil morphant (left) and evil morphant transgenic Tg(5xUAS-E1b:6xMYC-notchla; cdh5:gal4ff) embryos with endothelial-specific NICD
WISH for runx1/c-myb in 36 hpf evil morphant (left) and evil morphant transgenic Tg(Hsp70l:vegfaa; myl7:eGFP) embryos (right) with global heat-shock induction at

WISH for runx1/c-myb in 32 hpf evil MO-injected embryos (left) and embryos injected with both evil MO and capped gata2 mRNA (right).
Quantitation of all rescue experiments. Shown are the percentages of embryos displaying normal or changed runx1/c-myb expression. A Fisher’s exact test was

applied to calculate statistical significance. n.s., not significant; ***P < 0.001; **P < 0.01.

Data information: Data from three biological replicates are summarized for each experiment, with the exception of (D) where data from two experiments are shown.
Lateral views are shown, anterior to the left, dorsal up. Numbers indicate the amount of embryos with the respective phenotype/total number of embryos analyzed in
each experiment. Arrows indicate up- or downregulation of runx1/c-myb in each condition. Arrowheads denote the VDA region.

line (Tg(cdh5PC:galdff)™ %) to induce NICD (Tg(UAS:myc-
Notchla-intra)). Indeed, forced NICD expression restricted to the
endothelium was equally able to restore runxI/c-myb expression in
the VDA of evil morphants (Fig 4B and F). Moreover, the activation
of Notch signaling (at both 14 or 20 hpf) via global induction of its
upstream activator vegfaa, using a heat-shock inducible line (Carroll
et al, 2014), also rescued HSPC development (Fig4C and F,
Appendix Figs S5B and C, and S6), while ectopic induction of the
Notch target gene gata2a, via mRNA co-injection, provided a partial

© 2016 The Authors

rescue (Fig 4D and F). Together, these data suggest that evil induces
EHT by regulating local Notch levels (see also Appendix Fig S7). To
further explore this hypothesis, we performed live imaging analyses
of evil morphant fish with spatial-restricted endothelial expression
of NICD (Fig 5A and B) by using an endothelial-specific Gal4 driver
line (Tg(fli.1:Gal4:RFP; c-myb:GFF)) to induce NICD (Tg(UAS:myc-
Notchla-intra)). HSPCs directly emerging from fli.1"c-myb™ cells in
these fish were counted in n = 5 movies all from independent experi-
ments taken over 8 h (Fig 5, Movies EV2 and EV3). Confirming our
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Figure 5. Endothelial NICD induction rescues HSC emergence from the VDA.

A Confocal time-lapse live imaging was performed in Tg(c-myb:GFP; fli.1:UAS;Gal4:RFP) evil morphant embryos (top, Movie EV2) or in Tg(c-myb:GFP; fli.1:UAS;Gal4:RFP)
crossed to Tg(5xUAS-E1b:6xMYC-notchla) embryos prior to MO injection (bottom, Movie EV3) from 28 to 42 hpf. Shown are three representative time points, in which
the transformation from hemogenic endothelial cells to the hematopoietic fate is visible. For each time point, merged images are shown. NICD induction controlled
by endothelial fli.1 (lower panel) can rescue the evil morphant phenotype and increases the number of HSPCs cells emerging from the VDA (arrows). Arrowheads
indicate double-positive cells. Dividing cells are marked by an asterisk.

B Cell counts of emerging HSPCs in control and evil morphant fish with or without endothelial NICD induction. At least n = 5 movies from n = 3 biological replicates
were analyzed. A nonparametric Mann-Whitney U-test was used to test for statistical significance, and error bars are shown as + s.d. n.s., not significant, *P < 0.05.

previous results, evil MO-injected embryos showed significantly
lower numbers of HSPCs emerging from fli.1 c-myb™ cells of the
endothelial niche, and enforced endothelial NICD expression could
rescue these effects (Fig 5B, P < 0.05).

Since both ectopic NICD and its activator Vegf functionally
rescued HSPC formation in evil morphants, we next asked whether
evil controls Notch via Vegf. ISH for the Vegf receptor genes flt1
and flt4 as well as the known vegf upstream regulator shh showed
unaltered expression upon evil inhibition at 26 hpf (Fig EV3B and
C). Moreover, whereas Vegf is critical for vasculature development
(Liang et al, 2001), evil morphants did not present overt vascular
abnormalities, suggesting that vegf levels were not grossly influ-
enced by evil expression. Of note, overexpression of vegfaa not only
restored the expression of runxI/c-myb (Fig 4C, Appendix Fig S5B
and S6) but also of Notch pathway-associated molecules in the VDA
of evil morphants (dll4, notchlb, Fig 6A). In order to analyze
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whether evil acts in parallel or downstream of Vegf, we next treated
embryos with the Vegf receptor inhibitor SU5461 from 24 to 32 hpf.
As expected, SU5461 treatment reduced runxl/c-myb and notchlb
expression in the VDA in a dose-dependent manner (Fig 6B and C,
middle and Appendix Fig S8). However, overexpression of evil
(achieved by co-injection of UAS:mEvil in Tg(fli.1:Gal4FF;UAS:RFP
embryos) was able to rescue runxI’/c-myb” cells and notchlb
expression in evil MO-injected fish (Fig 6B and C, left). Together,
these data indicate that evil critically regulates EHT by activating
Notch via a mechanism that is separate from and perhaps comple-
mentary to the classical shh—vegf axis.

evil activates endothelial Notch via pAKT

PI3K/AKT/mTOR signaling has been implicated in Notch regulation
during development and is also known to be molecularly linked to

© 2016 The Authors
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Figure 6. evil regulates Notch independently of the Vegf pathway and can compensate for Vegf inhibition.

A
embryos at 32 hpf after heat-shock induction at 20 hpf (right).

WISH of dll4 (upper) and notch1b (lower) in control-injected embryos (left), evil morphants (middle), and evil morphant transgenic Tg(Hsp70l:vegfaa; myl7:eGFP)

B, C  WISH of runx1/c-myb (B) or notch1b (C) after treatment with DMSO (left), the VEGF receptor inhibitor SU5461 (middle), and, respectively, SU5461 after injection of
UAS:mEvi1 (inducing endothelial evil expression) in Tg(fli.1:Gal4FF;UAS:RFP) embryos (right).

Data information: Two or more biological replicates are shown for each experiment. Lateral views are shown, anterior to the left, dorsal up. Numbers indicate the
amount of embryos with the respective phenotype/total number of embryos analyzed in each experiment. Arrows indicate up- or downregulation of the respective gene
in each condition. For each analyzed gene, quantitation of results is shown, displaying the percentages of embryos with normal vs. decreased gene expression for each
condition. A Fisher’s exact test was applied to calculate statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001).

Evil in intestinal epithelial (Liu et al, 2006) and adult murine bone
marrow cells (Yoshimi et al, 2011). Therefore, we sought to investi-
gate the relationship between evil, Notch, and AKT during HSC
development. As shown in Fig 7A, embryos treated with the PI3Ky
inhibitor wortmannin (WM) from 14 to 36 hpf were analyzed for

© 2016 The Authors

effects of pAKT suppression on runxl/c-myb expression in the VDA
(Li et al, 2015). As observed in evil morphants, vessel development
remained intact, but expression of runxI/c-myb and notchlb was
strongly suppressed in the VDA region upon treatment with WM
(Fig 7A and B), reflective of efficiently suppressing pAKT
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(Appendix Fig S9A). Importantly, enforced, heat-shock induced
NICD expression was able to restore runxI/c-myb expression in
WM-treated fish (Fig 7A, right), as previously documented in evil
MO-injected embryos (Fig 4A), suggesting these factors may work
in conjunction to regulate Notch.

In adult hematopoietic cells, Evil has been shown to positively
regulate AKT phosphorylation via PTEN suppression (Yoshimi et al,
2011). Consistently, evil morphants displayed suppressed pAKT but
mainly unaltered AKT levels (Appendix Fig S9B, left and middle).
However, no induction of PTEN protein levels were observed in
evil morphant vs. control-injected embryos (Appendix Fig S9B,
right), suggesting that alternative regulatory mechanisms may be
active. To further explore pAKT as a downstream target of evil in
VDA cells, rescue experiments were performed using a myristoy-
lated AKT (myr-AKT) construct to induce pAKT in evil morphants
after heat-shock induction (Appendix Fig S9C and D). Indeed,
mosaic expression of myr-AKT (Appendix Fig S9C and D) was suffi-
cient to partially restore runxI/c-myb expression in the VDA of evil
MO-injected embryos (Fig 7C and D). Finally, forced endothelial
pAKT expression, using a UAS:myr-AKT construct injected into
Tg(fli.1:Gal4FF*s3; UAS:RFP)™ embryos, rescued both runx1/c-myb
and notchlb expressions (Fig 7C-E). In sum, these data indicate an
endothelial evil-pAKT molecular axis that acts in parallel to VEGF
to control the precise induction of Notch expression levels required
for HSPC emergence (Fig 7F).

Discussion

Evil has been primarily studied as an oncogene in myeloid and
more recently lymphoid leukemia, as well as a marker of healthy
and malignant hematopoietic stem cells (Suzukawa et al, 1994;
Ogawa et al, 1996; Konantz et al, 2013; Sato et al, 2014; Saito &
Morishita, 2015). Evil and its target genes are preferentially
expressed in long-term repopulating (LT)-HSCs, and Evil has been
functionally associated with stemness and self-renewal (Forsberg
et al, 2010). Moreover, Evil was shown to induce HSC proliferation
via Gata2 and apoptotic resistance as a target of Survivin (Yuasa
et al, 2005; Goyama et al, 2008; Kataoka et al, 2011; Bard-Chapeau
et al, 2014; Fukuda et al, 2015). This manuscript investigates the
contribution of evil to HSPC development during embryogenesis.
In vivo loss-of-function studies were performed in zebrafish
embryos, which, in contrast to mammalian embryos, develop

Figure 7. evil regulates Notch signaling via pAKT.
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ex utero, allowing direct visualization of HSC emergence. evil
suppression was achieved via the injection of inhibiting morpholino
oligonucleotides. Notably, embryos injected with multiple gRNAs
died, suggesting that introduction of mutations using the CRISPR-
Cas9 system might be lethal even at mosaic levels. Consistent with
murine Evil /= AGM explant culture studies (Goyama et al, 2008)
showing reduced HSC numbers, evil zebrafish morphants displayed
a profound suppression of VDA HSCs and consequently of definitive
hematopoietic cells of all lineages in vivo (Fig 1). To explore the
mechanistic role of evil specifically on this cell population, we
performed live imaging analysis on double-transgenic zebrafish
embryos of the Tg(kdrl:mKate-CAAX) and Tg(c-myb:eGFP) lines,
two marker previously used to visualize the generation of HSCs
from the HE in the zebrafish VDA (Bertrand et al, 2010a; Kissa &
Herbomel, 2010). Surprisingly, a yet unknown and very striking
defect in HSPC specification from ECs was noted in detailed live
imaging and molecular analyses of sorted cell populations, which
all reinforced that indeed evil promotes HSC development by
controlling the completion of EHT and HSC emergence (Fig 3).

A major player required for HSPC formation is the Notch signaling
pathway (Butko et al, 2016; Kanz et al, 2016), which is also impor-
tant for the development of the VDA itself (Lawson et al, 2002;
Quillien et al, 2014). As shown by multiple groups, Notch activity is
mandatory to initiate specification of hematopoietic fate within the
DA by controlling runxl expression (Kumano et al, 2003; Burns
et al, 2005; Gering & Patient, 2005; Richard et al, 2013). gata2b
expression within the hemogenic sub-compartment of the VDA is
likewise Notch-dependent, and its deregulation reduces runxI
(Butko et al, 2015). Upon evil inhibition, downregulation of notch1b
and dll4 expressions was observed in VDA cells, although expres-
sion of the Notch target gene efnb2a was unchanged, indicating that
cells have successfully undergone arterial specification (Figs 2A and
EV4B). Moreover, production of EHT and HSPC was restored in evil
morphants by global or EC-specific induction of Notch, its upstream
regulator Vegf, or its downstream target gata2 (Fig 4). Together,
these data indicate that evil expression in EC is necessary for proper
Notch signaling inducing EHT (Fig 5). In support of this hypothesis,
the Evil was recently found to be the second most upregulated
transcription factor in murine AGM-derived HE as compared to EC
cells (Solaimani Kartalaei et al, 2015). Furthermore, the Notch
ligand Dli4 has been lately demonstrated to mark human hemato-
endothelial progenitor cells and regulate their hematopoietic fate
(Ayllon et al, 2015; Gama-Norton et al, 2015). This signal is lacking

A Expression of runx1/c-myb in the VDA after treatment with DMSO vehicle control (left), the PI3K/AKT inhibitor wortmannin (WM, middle), and after joined treatment
with WM and enforced NICD expression via HS at 14 hpf in Tg(5xUAS-E1b:6xMYC-notchla;-1.5hsp70l:Gal4) embryos (right). Graph displays quantitation of results.
Shown are the percentages of embryos with normal or decreased runx1/c-myb expression for each condition.

B Expression of notchlb after treatment with DMSO vehicle control (left) or wortmannin (WM, middle). Graph displays quantitation of results. Shown are the
percentages of embryos with normal or decreased notchlb expression for each condition.

C  WISH for runx1/c-myb in control-injected embryos (upper left), evil morphants (upper right), or, respectively, evil MO with myr-AKT-injected embryos with HS at
14 hpf (lower right) and evil MO with UAS:myr-AKT-injected transgenic Tg(fli.1:Gal4FF>%; UAS:RFP)™® embryos.

D Quantitation of results from (C). Shown are the percentages of embryos with normal or decreased runx1/c-myb expression for each condition.

E  WISH for notchlb in evil MO-injected (left) and evil plus UAS:myr-AKT-injected transgenic Tg(fli.1:Gal4FF“*5>; UAS:RFP)™ embryos (right). Graph displays quantitation
of results. Shown are the percentages of embryos with normal or decreased notchlb expression for each condition.

F Schematic illustration of the role of Evil during HSPC emergence and the dual regulation of Notch by the shh-vegf and the evil-pAKT axes.

Data information: Two or more biological replicates are summarized for each experiment. Lateral views are shown, anterior to the left, dorsal up. Numbers indicate the
amount of embryos with the respective phenotype/total number of embryos analyzed in each experiment. Arrows indicate up- or downregulation of each analyzed gene.
A Fisher’s exact test was applied to calculate statistical significance (n.s., not significant; *P < 0.05, **P < 0.01, ***P < 0.001).
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in evil morphants, and therefore, we propose that EHT can initiate
but then arrest in an intermediate state, with HE unable to generate
emerging HSCs without Evil activity.

Recently, two separate waves of Notch signaling requirement
have been identified for HSC development: an early somitic
(~14 hpf), non-cell-autonomous and a late endothelial (~20 hpf),
cell-autonomous wave (Clements et al, 2011; Kim et al, 2014). The
fact that late induction of Notch (at 20 hpf) is sufficient to restore
runxI/c-myb cell numbers and HSC emergence in our model
strongly suggests that evil regulates Notch levels required during
this latter phase. Early induction of Notch at 14 hpf (via NICD or
vegfaa) also provides a rescue (Appendix Fig S5), but in this experi-
mental setting, induction is sustained throughout the second wave
(20 hpf). In further support of the notion that evil regulates the late
Notch signaling requirement wave, evil morphants showed
unchanged expression of molecules shown to be involved during
the first wave such as wntl6, downstream dlc, or of the sclerotome-
specific markers foxcIb and twist1b (Fig EV4) (Clements et al, 2011;
Kim et al, 2014). Finally, we show that evil activates endothelial
Notch independent of its well-known upstream regulator Vegf, since
evil expression restored Notch and HSPC numbers in embryos
treated with the VEGF inhibitor SU5461. Consistently, Vegf-
dependent endothelial development was unaffected in evil
morphants. We therefore propose that evil induces activation of an
alternative pathway that cooperates with Vegf to induce Notch
levels permissive for EHT and HSC emergence.

A promising intermediate between Evil and Notch is the PI3K/
AKT/mTOR signaling pathway. Mice with disrupted PI3K and
Notch signaling show phenotypic similarities during blood develop-
ment (Clayton et al, 2002), and co-culture with AKT-activated
AGM-derived ECs was previously shown to stimulate the
hematopoietic activity of E10-E11 P-Sp/AGM tissues (Hadland
et al, 2015). Although more data exist on the role of Notch as an
activator of the PI3K/AKT/mTOR pathway (Meurette et al, 2009;
Cornejo et al, 2011), there is also evidence that, vice versa, PI3K/
AKT can act upstream of Notch. For example, PI3K/AKT pathway
activity has been shown to determine the cellular responsiveness
to Notch signals in various cell types (McKenzie et al, 2006). Like-
wise, in T acute lymphoblastic leukemia (T-ALL) cells, AKT inhibi-
tors could downregulate the expression of Notch pathway
molecules (Calzavara et al, 2008). In our model, treatment with
the PI3Ky inhibitor wortmannin suppresses pAKT and strongly
reduces both notch1b expression (Fig 7B) and runxl/c-myb expres-
sion in the VDA in a similar manner to that of evil inhibition
(Fig 7A, middle). Moreover, the evil morphant/pAKT epistasis
experiment confirmed that indeed evil exerts its effects on Notch
activity and subsequent EHT via modulation of endothelial pAKT
(Fig 7C). In adult murine bone marrow, Evil was shown to acti-
vate AKT/mTOR signaling by repressing PTEN either directly or
via interaction with Polycomb group (PcG) proteins (Yoshimi et al,
2011). In spite showing reduction in pAKT, evil morphants did not
show convincing changes in PTEN levels, suggesting that evil may
modulate AKT phosphorylation by additional mechanisms (see
Appendix Fig S9B). Finally, the G-coupled protein receptor 56
(Gpr56), a direct molecular target of Evil in adult murine
hematopoietic stem cells (Saito et al, 2013), has recently been iden-
tified by whole transcriptome analysis as a key factor in EHT in
mice (Solaimani Kartalaei et al, 2015). In fish, HSCs were absent in
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gpr56 morphants, and gpr56 overexpression induced ectopic HSPC
formation in the axial vein (Solaimani Kartalaei et al, 2015). How
gpr56 acts in the EHT and how it molecularly relates to the evil—
PAKT-notch molecular axis identified here is currently unknown
and subject of ongoing studies. Recently, a related G protein-
coupled receptor, gpri83, has also been found to regulate EHT in a
Notch-dependent manner, indicating potential functional redundan-
cies (Zhang et al, 2015).

Together, our study specifically addresses the function of Evil
during HSC emergence from endothelial cells. Previous reports indi-
cate that Evil can regulate proliferation of fetal liver and bone
marrow HSCs, thereby providing alternative mechanisms by which
inhibition of this gene can impair stem cell numbers. Indeed, similar
mechanisms of action during development as well as in the biology
of preformed HSCs have been reported for gata2, a molecular down-
stream target of evil. By taking advantage of the strengths of the
zebrafish model for live imaging and genetic studies, we identify a
novel Evil-pAKT-Notch molecular axis that is essential for regula-
tion of VDA EC, enabling EHT and subsequent HSC emergence
during embryogenesis (Fig 7F).

Materials and Methods

Zebrafish husbandry and genetic strains

Zebrafish were bred and maintained as described in Niisslein-
Volhard & Dahm (2002) at 28°C. Staging was done by hours post-
fertilization (hpf) as described by Warga and Kimmel (Warga &
Kimmel, 1990) and according to FELASA and Swiss federal law
guidelines. The following lines were used in this study: wild-type
Tuebingen strains, alb, Tg(globin: eGFP), Tg(c-myb:GFP) (both
provided by L. I. Zon, Children’s Hospital, Harvard Medical School,
Boston, MA), Tg(lyz:dsred), Tg(cd41:eGFP), Tg(UAS:myc-Notchla-
intra)**®, Tg(hsp70l:gal4)'"%* Tg(hsp:70l:vegfaa, myl7:eGFP), Tg
(cdh5P4C:galaff)™ % Tg(BAC:kdrl:mKate2-CAAX)VP5'°, and Tg
(ﬂi.l:Gal4FP“b“3; UAS:RFP)™ (Scheer & Campos-Ortega, 1999;
Scheer et al, 2001; Lin et al, 2005; Hall et al, 2007; Parsons et al,
2009; Bussmann et al, 2011; Herwig et al, 2011; Wiley et al, 2011;
Lenard et al, 2013).

Morpholino design and validation

Two evil splice morpholino oligonucleotides (MO) and a standard
control MO were synthesized by Gene Tools (Gene Tools LLC, OR,
USA): (1: CCAAAATAGTGGTGTTCTCACCTCT, 2: TGAAGGGTCT
GAGTGACTTACATAT), preventing either splicing of the first or the
third exon—intron splice junction. Embryos were injected at the one-
cell stage. About 0.05% of phenol red (Sigma-Aldrich, St. Louis, MI,
USA) was added as an injection tracer. Embryos were raised to
appropriate stages and fixed in 4% paraformaldehyde (PFA)/1x
phosphate-buffered saline (PBS) for gene expression analysis. For
validation, control-injected and MO-injected embryos were collected
and mRNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden,
Germany). cDNA was synthesized using Transcriptor First Strand
c¢DNA Synthesis Kit (Roche, Basel, Switzerland) according to the
manufacturer’s protocol. RT-PCR was performed using the follow-
ing primers to verify splice modification on agarose gels: CAAGA

© 2016 The Authors
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GAGATGGCCAAGGAG, GAGCAGGTCTTTCCTGATGC, ATAGTGCT
TGCCGCTGTCAT, TATGAAGGGCTTGACGGAAG.

Generation of expression constructs

For rescue experiments, evil and gata2 were PCR-amplified using
gene-specific primers (see Appendix Table S1), cloned into the
pCR®2-TOPO® vector, and then subcloned into the pCS2+ expres-
sion vector. Capped RNA was synthesized using the mMessage
mMachine SP6 Kit (Ambion Life Technologies, Carlsbad, CA, USA).
About 25-45 picograms of RNA was injected into the yolk of one-
cell stage embryos together with the evil MO to rescue the MO
phenotype. UAS:mEvil was generated by cloning a codon-optimized
version of the murine Evil gene (Konantz et al, 2013) into pENTRY
using the pENTRYD-TOPO cloning system (Invitrogen). pENTRY-
mEvil and 4nrUAS (Akitake et al, 2011) were cloned into a Tol2
vector (pDestTol2CG2 (Kwan et al, 2007)). The final pUAS:mEvil
plasmid was co-injected with tol2 mRNA into the Tg(fli.1:Gal4F-
F0s3:UAS:RFP)™ and Tg(-1.5hsp70l:Gal4) embryos.

pBSFI-myr-aktl was a gift from Peter Vogt (Addgene plasmid
#49186) (Aoki et al, 1998). To create the hsp70:myr-aktl construct,
gene-specific primers (see Appendix Table S1) with a 5" BamHI and
a 3’ BstBI restriction site were designed. Full-length myr-aktl with-
out the stop codon was PCR-amplified from the pBSFI-myr-aktl
plasmid as template and purified using the Wizard® SV Gel and PCR
Clean-Up System (Promega, Fitchburg, WI, USA). After BamHI and
BstBI digestion, the construct was subcloned in frame in a pMini
Tol2 vector hsp70:cdc123 p2a Cherry (kindly provided by Judith
Konantz, CRTD Dresden, Germany), substituting the cdc123 insert.
Plasmid DNA containing the myr-Aktl insert was injected into the
zygote, and embryos were raised to the appropriate stage.

Whole-mount in situ hybridization (WISH) of zebrafish embryos

Riboprobes for WISH were generated using the following plasmid
templates, restriction enzymes for DNA linearization, and RNA
enzymes for further antisense probe production: runx1: HindIIl, T7;
c-myb: pBK-CMV, EcoRI, T7 (gift from Caroline E. Burns); evil:
pSPORT1, Kpnl, SP6 (gift from Rebecca Wingert); shh: HindIIl, T7
(gift from Judith Konantz); ragl: PCRII, HindlIll, T7; efnb2a: pBS,
Hindll, T7; foxnl: Xbal, T7; wntl6: pCR2.1, Notl, SP6; notchlb:
pCR-Script, BamHI, T3; notch3: pCR-Script, Xhol, T3; dlc: pBS(SK),
Xbal, T7, dll4: PCRIIL, Notl, SP6; twistlb: pCRII, Notl, SP6, foxclb:
pCRII, BamHI, T7 (gifts from David Traver and Julien Bertrand);
flk1: EcoRI, T7; flt4: EcoRI, T7 (gifts from Markus Affolter and Elin
Ellertsdottir). RT/PCR-based approaches were used to generate ribo-
probes for hbae3, mpo, and [-plastin using gene-specific primers
(Appendix Table S1). For the PCR, an antisense primer was
designed, which has the T7-promoter sequence tagged onto its
5’-end. The resultant PCR product will then include the target
sequence flanked by the T7-promoter sequence. Riboprobes were
labeled with digoxigenin or fluorescein-labeled UTP as recom-
mended by Roche, 100-fold diluted in Hyb solution, and stored at
—20°C. WISH was performed according to standard procedures.
Stained embryos were kept in 50% glycerol/PBS at 4°C until they
were mounted in 89% glycerol and photographed using a digital
AxioCam HRm camera attached on a Zeiss Axioplan 2 microscope
or a digital MC170 HD camera attached to a Leica DM 2000 LED.
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Flow cytometric analysis

Embryos were dissociated into single cells by using Accumax disso-
ciation reagent (Millipore, Billerica, MA, USA) at room temperature.
From time to time, embryos were disrupted using a 20-G needle.
After dissociation was complete, cells were washed once in PBS and
passed through a 35-uM filter. The number of fluorescent-labeled
cells was them determined via flow cytometry on a FACSCanto II
using FACSDiva™ software (BD Biosciences, Franklin Lakes, NJ,
USA) and Sytox® blue for dead cell discrimination.

Isolation and time-lapse imaging of kdrl*c-myb* and,
respectively, fli.1*c-myb* cells

Transgenic Tg(c-myb:GFP) were crossed to either Tg(BAC:kdrl:
mKate2-CAAX)VBS' or Tg(flil:Gal4FF; UAS:RFP) fish. In order to
isolate forming/emerging HSCs, embryos were screened for posi-
tive fluorescence, dissociated as described above, and sorted
according to their fluorescence signal using a BD Influx™ Cell
sorter. DAPI was used for live/dead cell discrimination. HSCs
(kdrl:mKate™ ;c-myb:GFP') were directly sorted into RNeasy lysis
buffer (Qiagen), and RNA was isolated according to the manufac-
turer’s protocol and amplified with QantiTect Whole Transcriptome
Kit (Qiagen). Gene transcripts were detected by quantitative real-
time reverse transcription PCR (qQRT-PCR) using an Applied Biosys-
tems® Real-Time PCR 7500 Fast System instrument and Fast Start
Universal SYBR Green Master with Rox (Roche) and gene-specific
primers (Appendix Table S1). A B-actin control for equal loading
was used throughout the experiments to later normalize the real-
time PCR data. Fold change values of gene expression between
cells isolated from morphants vs. control embryos represented by
averages from triplicate measurements were calculated using the
AACr method as described by Livak and Schmittgen (Livak &
Schmittgen, 2001). For time-lapse imaging, fish were screened for
fluorescence, anaesthetized in tricaine, and embedded in 0.8%
low-melting agarose. Time-lapse imaging was performed using
double-transgenic fish between 28 and 42 hpf on a Leica TCS SP5
confocal (Tg(BAC:kdrl:mKateZ-CAAX)UBS“ x Tg(c-myb:GFP)) or a
Visitron Systems CSU-W1 spinning disk microscope (Tg(flil:
Gal4FF;UAS:RFP) x Tg(c-myb:GFP)). Raw data were analyzed using
Fiji software.

Rescue experiments

Tg(hsp70:.gal4) were mated to Tg(UAS:notchla-intra) and Tg
(hsp:70L:vegfaa, myl7:EGFP) to wild-type Tuebingen stains, and
(MO-injected) embryos were then raised in E3 until 14 hpf for
heat-shock induction. Embryos were therefore collected in 5 ml of
E3 and placed in a 38°C waterbath for 8 or 10 min, respectively.
hsp70:myr-Akt p2a Cherry plasmid DNA-injected wild-type
Tuebingen fish were heat-shocked in a 37°C water at the same
age for 50 min. Subsequently, embryos were transferred to petri
dishes and allowed to develop until the respective time points
(26, 32, and 36 hpf) for further experiments. For tissue-specific
rescue experiments Tg(SxUAS-E1b:6xMYC-notchla), fish were
crossed to Tg(cdh5PAC:gal4ff)™ %! animals prior to MO injection.
For tissue-specific AKT rescue, UAS-AKT DNA (carrying cmlc:GFP
as injection control; kind gift from M. Mione, Karlsruhe Institute
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of Technology) was injected together with Tol2 RNA into Tg(fli.1:
Gal4FF"*3; UAS:RFP)"™* embryos. For tissue-specific rescue in vivo
live imaging experiments, Tg(5xUAS-E1b:6xMYC-notchla) fish
were crossed to Tg(fliGal4:UAS:RFP;cmyb:GFP) prior to MO injec-
tion. For rescue experiments with murine Evil, the UAS-construct
was injected with or without evil MO in Tg(fli.1:Gal4FF;UAS:RFP)
embryos.

Pharmacological inhibition of Notch, VEGF, and PI3K signaling

The y-secretase inhibitor DAPT (Sigma-Aldrich) was dissolved in
DMSO at 12.5 mM and applied at 100 uM as described before
(Gering & Patient, 2005). The VEGF inhibitor SU5461 (Sigma-
Aldrich) was applied between 24 and 32 hpf at different concentra-
tions. To attenuate PI3K/AKT signaling, 0.4 pM wortmannin
(Sigma) was added to 14 hpf embryos until the appropriate stage
(Li et al, 2015). For each experiment, DMSO was used as a vehicle
control.

Immunoblot analysis

Total protein lysates were prepared at the indicated times and after
treatments by homogenizing between 10 and 50 embryos with an
equal amount of lysis buffer. Lysates were denatured in Laemmli
buffer and then electrophoresed on 12% polyacrylamide gels. After
electrophoresis, proteins were transferred to PVDF membranes
(Amersham, Amersham, UK) in a semi-dry blotting apparatus
(Trans-Blot Turbo, Bio-Rad, Hercules, CA, USA) and then probed
with the following antibodies: rabbit anti-human phospho-Akt
(Ser473), anti-human pan Akt, anti-human PTEN, and anti B-actin
from Cell Signaling Technology (Danvers, MA, USA) and detected
via ECL.

o-Dianisidine staining

Whole embryo staining for heme expression was performed using
o-dianisidine staining according to previously described methods
(Detrich et al, 1995).

Expanded View for this article is available online.
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