bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134718; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Akt is required for artery formation during embryonic vascular development

Wenping Zhou'?, Emma Ristori*2, Liqun He®, Joey J Ghersi*®, Sameet Mehta®, Rong

Zhang?3, Christer Betsholtz®’, Stefania Nicoli?345 William C. Sessa®*

'Department of Cell Biology, Yale University School of Medicine, New Haven, CT
06511, USA

2Vascular Biology & Therapeutics Program, Yale University School of Medicine, New
Haven, CT 06520, USA

3Department of Pharmacology, Yale University School of Medicine, New Haven, CT
06510, USA

4Yale Cardiovascular Research Center, Department of Internal Medicine, Section

of Cardiology, Yale University School of Medicine, New Haven, CT 06511, USA
SDepartment of Genetics, Yale University School of Medicine, New Haven, CT 06510,
USA

5Department of Immunology, Genetics and Pathology, Rudbeck Laboratory, Uppsala
University, Dag Hammarskjolds vag 20, SE-751 85 Uppsala, Sweden.

"ICMC (Integrated Cardio Metabolic Centre), Karolinska Institutet, Novum,
Blickagangen 6, SE-141 57 Huddinge, Sweden

8Department of Life Sciences, University of Siena, 53100 Siena, Italy.

Correspondence: stefania.nicoli@yale.edu or willam.sessa@yale.edu



https://doi.org/10.1101/2020.06.04.134718

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134718; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

SUMMARY

One of the first events in the development of the cardiovascular system is
morphogenesis of the main embryonic artery, the dorsal aorta (DA). The DA forms via a
conserved genetic process mediated by the migration, specification, and organization of
endothelial progenitor cells into a distinct arterial lineage and vessel type. Several
angiogenic factors activate different signaling pathways to control DA formation,
however the physiological relevance of distinct kinases in this complex process remains
unclear. Here, we identify the role of Akt during early vascular development by
generating mutant zebrafish lines that lack expression of akt isoforms. Live cell imaging
coupled with single cell RNA sequencing of akt mutants reveal that Akt is required for
proper development of the DA by sustaining arterial cell progenitor specification and
segregation. Mechanistically, inhibition of active FOXO in akt mutants rescues impaired
arterial development but not the expression of arterial markers, whereas Notch
activation rescues arterial marker expression. Our work suggests that Akt activity is

critical for early artery development, in part via FOXO and Notch-mediated regulation.
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INTRODUCTION

The cardiovascular system is essential to supply oxygen and nutrients to vital organs
and tissues and is the first organ to function during vertebrate development. The dorsal
aorta (DA) primordium is the main embryonic blood vessel that forms via endothelial
progenitor cells (or angioblast) migration from the lateral posterior mesoderm, acquire
arterial and venous gene expression programs, and then segregate to form the
posterior cardinal vein (PCV) (Herbert et al., 2009a; Lawson and Weinstein, 2002a).
With the formation of the vascular lumen and the initiation of the blood circulation, the
DA and PCV acquire functional differences in vascular diameter, extracellular matrix
and smooth muscle cell coverage (dela Paz and D’Amore, 2009; Lawson and
Weinstein, 2002a) that are maintained into adulthood. Importantly, the molecular cues
that dictate morphogenesis of the DA and PCV are conserved amongst vertebrates
(Gore et al., 2012; Isogai et al., 2001).

The Ser and Thr kinase Akt, is a key element of the phosphotidylinositol 3-kinase
(PI3K) /Akt signaling pathway and regulates the hallmarks of tissue formation such as
growth and survival. Akt activation involves the phosphorylation of multiple substrates
signaling network which enable Akt to exert diverse downstream effects from the
activation of an individual upstream growth factor signaling. For example, during the
formation of the DA, PI3K-Akt signaling is implicated in transducing multiple Vascular
Endothelia Growth Factor a (Vegfa)-dependent cell behaviors, such as migration,
differentiation and proliferation of endothelial cells. (Ackah et al., 2005; Liu et al., 2008;
Phung et al., 2006; Zhu et al., 2013). Importantly, how Akt-substrate activation is

involved in this multi phased process remain not fully understood.
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Vertebrates encode three Akt isoforms: Akt1, Akt2, and Akt3 and these unique gene
products are highly homologous between species. The Akt-signaling module is
implicated in arteriogenesis by exerting an inhibitory influence on Raf-Erk-signaling
(Ren et al., 2010) or in venogenesis via phosphorylation of the COUP TFII, a key driver
of venous fate (Chu et al., 2016). However mice globally lacking Akt-1, the main isoform
expressed in endothelial cells, are viable, smaller in size, with reduced angiogenesis in
the placenta, retina and limbs (Ackah et al., 2005; Ha et al., 2019; Schleicher et al.,
2009; Yang et al., 2003) whereas the conditional loss of Akt-1 in the endothelium
demonstrates reduced post-natal arteriogenesis and sprouting of retinal (Lee et al.,
2014) and coronary vessels (Kerr et al., 2016). Thus, the genetic loss of Akt1 or other
Akt isoforms in vertebrate has not established clear roles for Akt during the early DA
and/or PCV development.

To assess the role of Akt in the early embryonic vascular development, we generated
a novel loss of function model in zebrafish. The external development and optical
transparency of zebrafish embryos facilitate the temporal dissection of vascular defects
that are difficult to assess in other vertebrates such as mice. Using CRISPR/Cas9, we
mutated all four akt genes encoding all three Akt isoforms and crossed them to a
reporter line to image arterial and venous structures during development. Live cell
imaging coupled with single cell RNA sequencing analysis of endothelial cells reveal
that Akt is required for arterial specification, and arteriovenous (A-V) segregation but not
for progenitor migration, during the initial formation/remodeling of the DA.
Mechanistically, our data suggest that the loss of Akt activates FOXO and reduces

Notch dependent gene expression in arterial endothelium. Inhibition of FOXO1 in Akt
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deficient embryos increases DA development, whereas activation of Notch in these
embryos enhances arterial specification. Thus, Akt controls two key transcription factors

to coordinately govern DA morphology and arterial specification.

RESULTS:
Embryonic loss of Akt results in artery-vein malformations.

To investigate the role of Akt signaling in early embryonic vascular development,
we generated a complete akt loss-of-function model in zebrafish. In zebrafish, Akt1 is
encoded by akt-1, Akt2 is encoded by akt-2, and Akt3 is encoded by akt-3a and -3b. Of
these four genes, akt1 showed the highest expression in endothelial cells isolated from
zebrafish (Figure S1A), consistent with observations in mice (Lee et al., 2014).

To establish a complete akt loss-of-function model, and avoid genetic
compensation, we used CRISPR/Cas9 (Moreno-Mateos et al., 2015) to mutate all four
akt genes (Figure 1A). We selected loss-of-function founders and established a
quadruple homozygous mutant (akt®2). Compared to wild-type (WT), akt>2 embryos
had an ~80% reduction in the mRNA levels of each akt isoform (Figure 1B). akt®2
embryos were not viable to adulthood, thus we established an akt'A/A 3a/A, 3bAA, 2 A+
which we named “mixed akt®2”. The levels of total and phosphorylated Akt were
significantly reduced in mixed akt*2 relative to WT embryos (Figure 1B).

We assessed the overall morphology of akt”2 embryos at early stages of
development. Compared to WT, akt®2 embryos exhibited a reduction in pigmented cells
at 48 hours post fertilization (hpf) (Figure S1B) consistent with the chemical inhibition of

Akt signaling (Ciarlo et al., 2017). Moreover, akt*2 had normal body and head size
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(Figure S1B) and were viable until 6 days post fertilization (dpf), enabling the analysis of
specific vascular patterns in during early development.

We crossed mixed akt*2 line to a transgenic reporter line fit4:YFP; kdrl:hRas-
mCherry4881:58% tg enable the analysis of arteries (mCherry+) and veins
(YFP+/mCherry+) during embryonic development (Figure 1C). We performed live
imaging of the vasculature at 24 hpf and found that akt*2 embryos had decreased
diameters of the endothelium of dorsal aorta (DA) and posterior cardinal vein (PCV)
compared to WT embryos (Figure 1C images on left and quantified on right). The
lengths of the Intersegmental vessels (ISV) that sprout from the DA appeared similar in
both strains at this developmental time point. However, akt*’2 embryos showed ectopic
connections between the DA and PCV (Figure 1C, arrowheads in magnified image and
quantified on right) suggesting a lack of proper artery-vein segregation. These data
suggest that Akt signaling input is necessary for proper patterning of the main

embryonic blood vessels but dispensable for vascular cell migration of ISVs at 24 hpf.

Loss of Akt impairs arterial specification
To investigate the molecular mechanisms that underline the vascular defects in
embryos lacking Akt, we used single cell RNA sequencing analysis (scRNA-seq) of
FAC-sorted endothelial cells (kdrl+ mCherry) from WT and mixed akt*2 reporter
embryos at 24 hpf. Mixed akt*2 embryos showed substantially loss of Akt activity and
recapitulated the same vascular defects of akt®2 full mutants (Figure 1B and S1C).
Artery and vein formation during development generates cellular diversity in

endothelial cells, reflected by different subpopulations with distinct gene expression. To
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preserve the developmental progression of these subsets of endothelial cells, we used
PHATE (Potential of Heat-diffusion for Affinity-based Trajectory Embedding) to analyze
our scRNA-seq data (Moon et al., 2017).

PHATE analysis demonstrated that kdr/+ mCherry cells formed a main vascular
tree composed of 17 different branches corresponding to embryonic specification
trajectories that were identified based on the expression of specific markers (Figure 2A).
Based on the higher enrichment of artery and vein defining markers, we identified
branches 1 and 2, as the main venous and arterial cell populations, respectively (Figure
2B). Branch 6 displayed co-expression of arterial and venous markers with cardiac
genes, suggesting that this population mainly contributes to the heart vasculature.
Branch 7 was enriched for markers of lymphatic endothelium, while the remaining cell
pools expressed hemogenic, hematopoietic stem cells or blood progenitor markers
(Figure 2B). Interestingly, kdrl+ mCherry cells isolated from mixed akt*2 embryos
showed an identical number of branches as those isolated from WT, further supporting
that the loss of Akt did not grossly affect the patterning of the embryonic cardiovascular
system (Figure 2C and D).

Next, we examined the differential expression of known vascular genes in the
kdrl+ mCherry cell subsets from WT and mutant embryos. Strikingly, we observed
diminished expression in mixed akt”2 kdrl+ mCherry cells of genes that are mainly
associated with artery differentiation and Notch regulated genes (efnb2a, cxcr4, dic,
dll4, notch3), but not venous fate (Figure 2E). Moreover, the fraction of cells within the
branch 1 (vein) and 2 (artery) was reduced in the mutant endothelial cell population

compared to WT, whereas the fraction of cells within the branch 11, which express both
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arterial and venous markers, was increased in the population of mutant endothelial cells
as the expression of the arterial markers, cxcr4 and dic (Figure 2E and 2F). These data
suggest that, at the molecular level, an excessive number of endothelial cells lacking akt
fail to fully segregate into the arterial or/and the venous cell pool.

To verify the scRNA-seq results and add spatial resolution, we performed whole
mount in situ hybridization of 24 hpf embryos to test the expression of artery markers
efnb2a, dic and notch3 genes in the DA. Relative to WT embryos, akt*2 embryos
showed a decreased expression of all these arterial genes at 24 hpf (Figure 2G). In
contrast, the expression of the venous marker, ftl4, or other markers for the maturation
of spinal cord neurons (ngn1, elav13) or somites (myoD), showed no obvious changes
in akt"2 embryos versus WT (Figure S2). Thus, gene expression defects associated
with altered arterial specification were specific and not the result of global
developmental anomalies. Collectively, these data suggest that Akt signaling is required

to sustain arterial endothelial cells specification.

Akt drives artery specification independently of progenitor cell migration and
ERK activity

To further investigate the mechanism(s) behind the vascular morphogenesis
defects in akt’2 embryos, we performed time lapse imaging from 20 to 22hpf in WT and
mutant embryos. In WT embryos, endothelial progenitor cells sprouted from the DA
primordium into the PCV at 20 hpf and fully segregated by 22-24 hpf (Figure 3A, left
panel), as previously reported (Herbert et al., 2009b). Interestingly, in akt*2 embryos,

DA progenitors sprouted in greater numbers toward the PCV yet failed to completely
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separate within 22 hpf (Figure 3A, right panel). These data in akt* embryos are
reminiscent of loss of function nofch mutants which manifest reduced Notch dependent
gene expression (ephrinB2, dl4, dic ) in the DA (Lawson et al., 2002b; Quillien et al.,
2014)(Figure 2F) or efnb2 morphants which result in the loss of artery specification and
abnormal arteriovenous structures (Herbert et al., 2009a; Lawson et al., 2002b).

The migration of endothelial progenitor cells from the lateral posterior mesoderm
(LPM) toward the embryonic midline ensures vasculogenesis and artery specification
via VEGFa-mediated regulation of ephrinB2 and Notch-signaling (Lawson et al., 20023;
Zhong et al., 2001). Given that Akt can be downstream of VEGFa, we investigated
whether endothelial progenitor cells (fli1a+) in akt*2 embryos have impaired migration
from the LPM (Lawson and Weinstein, 2002b). Fli1a+ cells were visualized at different
somite stages (ss) and no distinguishable differences were found between WT and
mixed akt*2 embryos from 10 to 18 ss (Figure 3B). Interestingly, the levels of somitic
Vegfa expression at 18 ss were enhanced (Figure S3A) in akt?2 versus WT embryos.
Thus, the artery specification or altered arteriovenous separation defects in akt?2
embryos were not a consequence of impaired Fli1a+ cell migration or reduced Vegfa
expression. We also examined whether anomalies in cell survival could explain akt*2
vascular phenotypes, but we did not observe significant differences in the number of
apoptotic cells between WT and akt mutants (Figure S3B).

Previous studies suggested that ERK activation is required downstream of
VEGFa for arterial identity and proliferation and that input from the PI3 kinase/Akt
pathway may negatively regulate the extent of ERK activation (Hong et al., 2006; Ren

et al., 2010). Notably, p-ERK was localized in endothelial progenitor cells of the DA
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primordium (Shin et al., 2016) however, the number of p-ERK+ cells was comparable in
WT and akt”? 20 ss embryos (Figure 3C). Thus, our data suggest that Akt is distinctly

required for specification of the main embryonic artery, independent of ERK-signaling.

Akt control DA formation upstream FOXO and Notch signaling pathways.

We found that the DA specification is severely affected in the Akt loss of function
embryos, while the PCV specified normally. Interestingly, both vessels showed a
reduction in vascular diameter likely due to the excessive number of cells failing to
segregate either in the DA or PCV. To interrogate the signaling pathways upstream and
downstream of Akt we therefore use DA morphology and arteriovenous (A-V)
connections at 24hpf as the main phenotypic read-out of Akt loss of function. We first
employed pharmacological agents that selectively interfere with components of the
VEGF-PI3K pathway, which lie upstream in the Akt signaling cascade. Treatment of
embryos with SU5416, a selective inhibitor the VEGF receptor 2 kinase (kdrl) (Kasper et
al., 2017), decreased DA diameter in both WT and mixed akt*’2 embryos (Figure 4A, top
for images and 4B for quantification). Interestingly, SU5416 enhanced A-V connections
in WT but not further in mutant embryos indicating that VEGF signaling contributes to
DA assembly and A-V separation but the effect on A-V connections is impeded in mixed
akt”2 mutants. Treatment with the PI3K inhibitor LY-294,002 (Chen et al., 2017)
reduced DA diameter in WT embryos but did not further impact DA in akt*2 embryos
(Figure 4C, top for images and 4B for quantification). Similarly to SU5416 treated
embryos, blockade PI3K increased A-V connections in WT but not further in mutant

zebrafish (Figure 4B, top for images and below for quantification). These results indicate
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that VEGF-kdrl-PI3K signaling is critical for DA development and A-V separation, in
part, via Akt.

To investigate pathways downstream of Akt that may contribute to the vascular
defects in mutant embryos, we investigated the transcription factor FOXO1, an
established Akt substrate known to be critical for several aspects of angiogenesis
(Dharaneeswaran et al., 2014). Akt phosphorylation of FOXO1 leads to its nuclear
exclusion and alterations FOXO1 dependent gene expression. Notably, treatment with
AS1842856, which binds and inhibits the non-phosphorylated, active form of the
transcription factor FOXO1 in the nucleus (Gays et al., 2017) reduced the DA diameter
in the WT embryos but increased DA diameter in mixed akt*2 mutants (Figure 4E, top
for images and 4F below for quantification), thus implying FOXO hyperactivation
contributes to reduced DA in akt*2 embryos (Wilhelm et al., 2016). However, FOXO did
not contribute to A-V separation in WT or A-V in mutant embryos since inhibition of
FOXO did not impact the number of A-V connections in any genotype, suggesting that
FOXO contribute differently to DA formation and specification.

Since the loss of Akt reduces the levels of several Notch-dependent genes, dll/4, dic,
and notch3 in DA (Figure 2E), we assessed if FOXO can regulate the expression of the
well characterized Notch dependent arterial specification marker dlc. Strikingly,
inhibition of FOXO reduced the expression of dlc in the DA of WT embryos but did not
further reduce the levels detected in akt”* embryos (Figure 4G, compare top and
middle panels and 4H for quantification). These data suggest Akt phosphorylation of
FOXO regulates dlc levels, arterial specification and DA morphology. However, in the

Akt depleted state, FOXO blockage induces uncoupling of arterial specification (Figure
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4H) from DA morphology (Figure 4F where FOXO inhibition rescues DA phenotype in
mixed akt’2 embryos).

Previous work has shown that Notch is downstream of Akt signaling (Bedogni et al.,
2008; Kerr et al., 2016; Konantz et al., 2016; Zhang et al., 2011a). To verify if Notch is
downstream of Akt during the DA specification, we expressed the Notch 1 intracellular
domain (NICD) under the endothelial fli1a promoter to ectopically activate Notch
signaling in WT and mixed akt*2 embryos. Notably, NICD did not impact dlc expression
in WT embryos, however NICD increased dlc levels in mixed akt"2 embryos (Figure 4G,
bottom panels and 4H for quantification in right graph). Thus, expression of NICD
normalizes dlc expression in mixed akt*2 embryos. These data suggest that Akt
signaling to FOXO and Notch is critical for early arterial development and arterial

specification.

DISCUSSION

Akt is considered as an important signaling node co-opted by several angiogenic
factors (VEGF, angiopoietin, ephrin B2, fibroblast growth factor) that integrates signal
transduction mechanisms during angiogenesis and vascular homeostasis (Manning and
Cantley, 2007). Despite this central role, the importance of Akt signaling during early
vascular development has not been thoroughly addressed. Here, we show that the loss
of akt in zebrafish impairs the formation of the first major vessel, the DA, by reducing
arterial specification and arterio-venous segregation. Our single cell sequencing
analysis of akt mutant endothelial cells support this phenotype. We found that the loss

of Akt alters the size of distinct endothelial cell subpopulations, particularly those
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expressing arterial markers, and reduces the expression of several Notch-dependent
genes as confirmed by in situ analysis. Similarly, Akt loss of function cells have an
increased cell pool with arterial and venous co-expressed markers, thus fail to
segregate within the DA and PCV vessels. Mechanistic analysis suggests that the loss
of Akt did not impact the migration of endothelial progenitors towards the midline, the
Vegfa availability or ERK activation but regulated the expression arterial fate markers
dependent on FOXO and Notch (Figure 4l1). Thus, these data place Akt at a critical
signaling node during early artery-vein fate decisions in zebrafish.

Moreover, in Akt mutant embryos inhibition of FOXO increases the DA diameter to
WT levels, while in presence of Akt, inhibition of FOXO has the opposite effect on the
DA morphogenesis. This would suggest that FOXO function to control both DA diameter
and specification is dependent on a threshold; namely that too high or too low FOXO
activity results in similar DA defects. Another hypothesis is that FOXO controls DA
morphogenesis and/or specification via parallel but independent mechanisms that might
be antagonistic when the Akt-signaling pathway is lost (Figure 4l). Further studies will
be required to characterize how FOXO function in Akt dependent and independent
fashion.

Additionally, we show that Akt is required for expression of arterial endothelial cell
specification genes independent of ERK, but dependent on Notch activity. Indeed,
several Notch-dependent arterial markers were reduced in akt?2 zebrafish, and
overexpression NICD restored the expression of dlc, suggesting that Akt impacts Notch
dependent arterial specification. Akt can regulate Notch activity via a direct or indirect

function. For example, Akt functions upstream of Notch in aortic endothelial cells
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(Konantz et al., 2016), can directly phosphorylate Notch4-ICD (Lee et al., 2014) and
regulate Notch4 nuclear localization (Ramakrishnan et al., 2015). Alternatively,
angiopoietin-1 can activate Akt and promotes Notch signaling indirectly by
phosphorylating glycogen synthase kinase 3 (GSK3p), thereby enhancing p-catenin
activity and upregulating Dll4-Notch in endothelial cells (Lawson and Weinstein, 2002a;
Zhang et al., 2011b). Furthermore, FOXO and Notch can directly interact to coordinate
cell specification and function in the context of other tissues (Kitamura et al., 2007;
Pajvani et al., 2011). Thus, it is possible that arterial cell specification is mediated by
direct regulation of the Akt-FOXO-Notch pathway (Figure 41).

Interestingly, single cell RNA sequencing of endothelial cells from embryos lacking
Akt reveals an increase fraction of cells that co-express arteriovenous genes that do not
segregate within classic artery and vein trajectories. The expression of genes controlling
cellular responses to stress (e.g.: the myeloperoxidase mpx and a regulator of ER-
mitochondrial contacts, Nogo-B) were decreased in this cell pool from akt** embryos
compared to WT(Astern et al., 2007) (Acevedo et al., 2004; Sutendra et al., 2011; Yu et
al., 2009). Further studies will be necessary to investigate if and how genes within the
arteriovenous unsegregated cells are directly regulated by Akt or if this defect is the
result of Akt-Notch and/or Akt-FOXO-Notch regulation.

In summary, the genetic loss of Akt in zebrafish impairs arterial endothelial cell
specification providing novel insights into the important role of Akt signaling pathway

during early vascular development.

Acknowledgements:

14


https://doi.org/10.1101/2020.06.04.134718

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134718; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

This work was supported by Grants RO1HL130246 (to SN), R35 HL139945, the Leducq
Foundation (MIRVAD network), P01 HL1070205, AHA MERIT Award (to WCS), AHA
Predoctoral fellowship (to WZ) and by the Swedish Cancer Foundation, Science Council

and Knut and Alice Wallenberg Foundation (to CB).

Author Contributions

WZ, SN, WCS designed experiments. WZ, ER, RZ and JJG performed experiments
and/or analyzed the data. LH, SM and CB assisted with single cell sequencing analysis.
WZ, SN and WCS wrote the manuscript. All authors contributed to the review of the

manuscript.

Declaration of Interests

The authors declare no competing interests.

Reference:

Acevedo, L., Yu, J., Erdjument-Bromage, H., Miao, R.Q., Kim, J.E., Fulton, D., Tempst,
P., Strittmatter, S.M., and Sessa, W.C. (2004). A new role for Nogo as a regulator of
vascular remodeling. Nat Med 70, 382-388.

Ackah, E., Yu, J., Zoellner, S., lwakiri, Y., Skurk, C., Shibata, R., Ouchi, N., Easton,
R.M., Galasso, G., and Birnbaum, M.J. (2005). Akt1/protein kinase Ba is critical for
ischemic and VEGF-mediated angiogenesis. The Journal of clinical investigation 7715,
2119-2127.

Astern, J.M., Pendergraft lll, W.F., Falk, R.J., Jennette, J.C., Schmaier, A.H., Mahdi, F.,
and Preston, G.A. (2007). Myeloperoxidase interacts with endothelial cell-surface
cytokeratin 1 and modulates bradykinin production by the plasma Kallikrein-Kinin
system. The American journal of pathology 171, 349-360.

Bedogni, B., Warneke, J.A., Nickoloff, B.J., Giaccia, A.J., and Powell, M.B. (2008).
Notch1 is an effector of Akt and hypoxia in melanoma development. J Clin Invest 118,
3660-3670.

Chen, S., Liu, Y., Rong, X., Li, Y., Zhou, J., and Lu, L. (2017). neuroprotective role of
the Pi3 Kinase/akt signaling Pathway in Zebrafish. Frontiers in endocrinology 8, 21.
Chu, M., Li, T., Shen, B., Cao, X., Zhong, H., Zhang, L., Zhou, F., Ma, W., Jiang, H.,
Xie, P., et al. (2016). Angiopoietin receptor Tie2 is required for vein specification and
maintenance via regulating COUP-TFII. Elife 5.

15


https://doi.org/10.1101/2020.06.04.134718

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134718; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Ciarlo, C., Kaufman, C.K., Kinikoglu, B., Michael, J., Yang, S., Christopher, D., Blokzijl-
Franke, S., den Hertog, J., Schlaeger, T.M., and Zhou, Y. (2017). A chemical screen in
zebrafish embryonic cells establishes that Akt activation is required for neural crest
development. Elife 6, €29145.

dela Paz, N.G., and D’Amore, P.A. (2009). Arterial versus venous endothelial cells. Cell
and tissue research 335, 5-16.

Dharaneeswaran, H., Abid, M.R., Yuan, L., Dupuis, D., Beeler, D., Spokes, K.C., Janes,
L., Sciuto, T., Kang, P.M., and Jaminet, S.-C.S. (2014). FOXO1-mediated activation of
Akt plays a critical role in vascular homeostasis. Circulation research 715, 238-251.
Gore, A.V., Monzo, K., Cha, Y.R., Pan, W., and Weinstein, B.M. (2012). Vascular
development in the zebrafish. Cold Spring Harbor perspectives in medicine 2, a006684.
Ha, .M., Jin, S.Y., Lee, H.S., Vafaeinik, F., Jung, Y.J., Keum, H.J., Song, S.H., Lee,
D.H., Kim, C.D., and Bae, S.S. (2019). Vascular leakage caused by loss of Akt1 is
associated with impaired mural cell coverage. FEBS Open Bio 9, 801-813.

Herbert, S.P., Huisken, J., Kim, T.N., Feldman, M.E., Houseman, B.T., Wang, R.A,,
Shokat, K.M., and Stainier, D.Y. (2009a). Arterial-venous segregation by selective cell
sprouting: an alternative mode of blood vessel formation. Science 326, 294-298.
Herbert, S.P., Huisken, J., Kim, T.N., Feldman, M.E., Houseman, B.T., Wang, R.A,,
Shokat, K.M., and Stainier, D.Y. (2009b). Arterial-venous segregation by selective cell
sprouting: an alternative mode of blood vessel formation. Science 326, 294-298.

Hong, C.C., Peterson, Q.P., Hong, J.-Y., and Peterson, R.T. (2006). Artery/vein
specification is governed by opposing phosphatidylinositol-3 kinase and MAP
kinase/ERK signaling. Current biology 76, 1366-1372.

Isogai, S., Horiguchi, M., and Weinstein, B.M. (2001). The vascular anatomy of the
developing zebrafish: an atlas of embryonic and early larval development.
Developmental biology 230, 278-301.

Kasper, D.M., Moro, A., Ristori, E., Narayanan, A., Hill-Teran, G., Fleming, E., Moreno-
Mateos, M., Vejnar, C.E., Zhang, J., and Lee, D. (2017). MicroRNAs establish uniform
traits during the architecture of vertebrate embryos. Developmental cell 40, 552-565.
e555.

Kerr, B.A., West, X.Z., Kim, Y.W., Zhao, Y., Tischenko, M., Cull, R.M., Phares, T.W.,
Peng, X.D., Bernier-Latmani, J., Petrova, T.V., et al. (2016). Stability and function of
adult vasculature is sustained by Akt/Jagged1 signalling axis in endothelium. Nat
Commun 7, 10960.

Kitamura, T., Kitamura, Y.l., Funahashi, Y., Shawber, C.J., Castrillon, D.H., Kollipara,
R., DePinho, R.A., Kitajewski, J., and Accili, D. (2007). A Foxo/Notch pathway controls
myogenic differentiation and fiber type specification. J Clin Invest 117, 2477-2485.
Konantz, M., Alghisi, E., Muller, J.S., Lenard, A., Esain, V., Carroll, K.J., Kanz, L., North,
T.E., and Lengerke, C. (2016). Evi1 regulates Notch activation to induce zebrafish
hematopoietic stem cell emergence. EMBO J 35, 2315-2331.

Lawson, N.D., Vogel, A.M., and Weinstein, B.M. (2002a). sonic hedgehog and vascular
endothelial growth factor act upstream of the Notch pathway during arterial endothelial
differentiation. Developmental cell 3, 127-136.

Lawson, N.D., Vogel, A.M., and Weinstein, B.M. (2002b). sonic hedgehog and vascular
endothelial growth factor act upstream of the Notch pathway during arterial endothelial
differentiation. Dev Cell 3, 127-136.

16


https://doi.org/10.1101/2020.06.04.134718

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134718; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Lawson, N.D., and Weinstein, B.M. (2002a). Arteries and veins: making a difference
with zebrafish. Nature Reviews Genetics 3, 674.

Lawson, N.D., and Weinstein, B.M. (2002b). In vivo imaging of embryonic vascular
development using transgenic zebrafish. Developmental biology 248, 307-318.

Lee, M.Y., Luciano, A.K., Ackah, E., Rodriguez-Vita, J., Bancroft, T.A., Eichmann, A,,
Simons, M., Kyriakides, T.R., Morales-Ruiz, M., and Sessa, W.C. (2014). Endothelial
Akt1 mediates angiogenesis by phosphorylating multiple angiogenic substrates.
Proceedings of the National Academy of Sciences 1711, 12865-12870.

Liu, L., Zhu, S., Gong, Z., and Low, B.C. (2008). K-ras/PI3K-Akt signaling is essential
for zebrafish hematopoiesis and angiogenesis. PLoS One 3, €2850.

Manning, B.D., and Cantley, L.C. (2007). AKT/PKB signaling: navigating downstream.
Cell 129, 1261-1274.

Moon, K.R., van Dijk, D., Wang, Z., Chen, W., Hirn, M.J., Coifman, R.R., lvanova, N.B.,
Wolf, G., and Krishnaswamy, S. (2017). PHATE: a dimensionality reduction method for
visualizing trajectory structures in high-dimensional biological data. bioRxiv, 120378.
Moreno-Mateos, M.A., Vejnar, C.E., Beaudoin, J.-D., Fernandez, J.P., Mis, E.K,,
Khokha, M.K., and Giraldez, A.J. (2015). CRISPRscan: designing highly efficient
sgRNAs for CRISPR-Cas9 targeting in vivo. Nature methods 712, 982.

Pajvani, U.B., Shawber, C.J., Samuel, V.T., Birkenfeld, A.L., Shulman, G.I., Kitajewski,
J., and Accili, D. (2011). Inhibition of Notch signaling ameliorates insulin resistance in a
FoxO1-dependent manner. Nat Med 77, 961-967.

Phung, T.L., Ziv, K., Dabydeen, D., Eyiah-Mensah, G., Riveros, M., Perruzzi, C., Sun,
J., Monahan-Earley, R.A., Shiojima, I., and Nagy, J.A. (2006). Pathological
angiogenesis is induced by sustained Akt signaling and inhibited by rapamycin. Cancer
cell 10, 159-170.

Quillien, A., Moore, J.C., Shin, M., Siekmann, A.F., Smith, T., Pan, L., Moens, C.B.,
Parsons, M.J., and Lawson, N.D. (2014). Distinct Notch signaling outputs pattern the
developing arterial system. Development 141, 1544-1552.

Ramakrishnan, G., Davaakhuu, G., Chung, W.C., Zhu, H., Rana, A., Filipovic, A.,
Green, A.R., Atfi, A., Pannuti, A., and Miele, L. (2015). AKT and 14-3-3 regulate Notch4
nuclear localization. Scientific reports 5, 8782.

Ren, B., Deng, Y., Mukhopadhyay, A., Lanahan, A.A., Zhuang, Z.W., Moodie, K.L.,
Mulligan-Kehoe, M.J., Byzova, T.V., Peterson, R.T., and Simons, M. (2010). ERK1/2-
Akt1 crosstalk regulates arteriogenesis in mice and zebrafish. J Clin Invest 120, 1217-
1228.

Schleicher, M., Yu, J., Murata, T., Derakhshan, B., Atochin, D., Qian, L., Kashiwagi, S.,
Di Lorenzo, A., Harrison, K.D., and Huang, P.L. (2009). The Akt1-eNOS axis illustrates
the specificity of kinase-substrate relationships in vivo. Sci Signal 2, ra41-ra41.

Shin, M., Beane, T.J., Quillien, A., Male, I., Zhu, L.J., and Lawson, N.D. (2016). Vegfa
signals through ERK to promote angiogenesis, but not artery differentiation.
Development 143, 3796-3805.

Sutendra, G., Dromparis, P., Wright, P., Bonnet, S., Haromy, A., Hao, Z., McMurtry,
M.S., Michalak, M., Vance, J.E., Sessa, W.C., et al. (2011). The role of Nogo and the
mitochondria-endoplasmic reticulum unit in pulmonary hypertension. Sci Transl Med 3,
88rab5.

17


https://doi.org/10.1101/2020.06.04.134718

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134718; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Wilhelm, K., Happel, K., Eelen, G., Schoors, S., Oellerich, M.F., Lim, R., Zimmermann,
B., Aspalter, I.M., Franco, C.A., and Boettger, T. (2016). FOXO1 couples metabolic
activity and growth state in the vascular endothelium. Nature 529, 216.

Yang, Z.Z., Tschopp, O., Hemmings-Mieszczak, M., Feng, J., Brodbeck, D., Perentes,
E., and Hemmings, B.A. (2003). Protein kinase B alpha/Akt1 regulates placental
development and fetal growth. J Biol Chem 278, 32124-32131.

Yu, J., Fernandez-Hernando, C., Suarez, Y., Schleicher, M., Hao, Z., Wright, P.L.,
DiLorenzo, A., Kyriakides, T.R., and Sessa, W.C. (2009). Reticulon 4B (Nogo-B) is
necessary for macrophage infiltration and tissue repair. Proc Natl Acad Sci U S A 106,
17511-17516.

Zhang, J., Fukuhara, S., Sako, K., Takenouchi, T., Kitani, H., Kume, T., Koh, G.Y., and
Mochizuki, N. (2011a). Angiopoietin-1/Tie2 signal augments basal Notch signal
controlling vascular quiescence by inducing delta-like 4 expression through AKT-
mediated activation of beta-catenin. J Biol Chem 286, 8055-8066.

Zhang, J., Fukuhara, S., Sako, K., Takenouchi, T., Kitani, H., Kume, T., Koh, G.Y., and
Mochizuki, N. (2011b). Angiopoietin-1/Tie2 signal augments basal Notch signal
controlling vascular quiescence by inducing delta-like 4 expression through AKT-
mediated activation of 3-catenin. Journal of Biological Chemistry 286, 8055-8066.
Zhong, T.P., Childs, S., Leu, J.P., and Fishman, M.C. (2001). Gridlock signalling
pathway fashions the first embryonic artery. Nature 474, 216.

Zhu, Y.-M., Wang, C.-C., Chen, L., Qian, L.-B., Ma, L.-L., Yu, J., Zhu, M.-H., Wen, C.-
Y., Yu, L.-N., and Yan, M. (2013). Both PI3K/Akt and ERK1/2 pathways participate in
the protection by dexmedetomidine against transient focal cerebral ischemia/reperfusion
injury in rats. Brain research 71494, 1-8.

18


https://doi.org/10.1101/2020.06.04.134718

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134718; this version posted June 5, 2020. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A QP
w @
Cas9-gRNA

zAkt1 | PH | Kinase domain ‘ Hegulatoryl
zAkt1 mu KVILV161EGES...STOP1s4
zAkt2 mu ANGLKi111RMSQ...STOP127

zAkt3a mu WAEAIl101QRQE...STOP472

zAkt3b mu LGKGT1ssGRSTOP160

Cc

akt 2

= wWT
515 3 akis
>
g * * * *
<10 - - WT  Mixed akt®
nEc [ | p473 AKT
205 e pan-AKT
®
o) rl |'I'| |'I'| | — g GAPDH
oo =1
akt1 akt2  akt3a  akt3b
— 1.5 ©15
3 8
- * c *
£10 I ! B10
= o
2 ;
_g 0.5 o 05
3 — = —
[ SN
o0 & 00
WT  Mixed akt®2 WT  Mixed akt2
*
20 | — | A30 |_|*
— o® 1S °®
S XX 2 e%e
215 ale . = 20 =2 i
5 e 2 *os iy
5 © 2 °s o
% 10 LX) & “ bt |
] a
g s
a g .
WT wWT aktAA
1]
S
S 90
© NS
Q = | — |
c € 80 .
g S
o £70 3 "
S 2 8’ ... -
> Teol pEEam L aa
21 > . : . il
© o 50 . L]
> - * :
0 40
= WT gkt WT gkt

19


https://doi.org/10.1101/2020.06.04.134718

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134718; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure. 1. akt*2 embryos exhibit decreased DA diameter and abnormal arterial
and venous connections.

(A) Schematic of the domain structure of Akt isoforms and sequence alignment of wild-
type (zAKt1) and mutant (mu) zebrafish lines. (B) qRT-PCR showing WT and mutant
mRNA levels in WT and quadruple mutant akt2 embryos on a Tg (fit4:YFP; kdrl:hRas-
mCherry)hu4881:s896 gt 4 days post fertilization (dpf). Expression levels were normalized to
the WT from three biological replicates. Western blot analysis of WT and mixed akt*2
embryos in Tg (flit4:YFP; kdrl:hRas-mCherry)"4881:s8% from three biological replicates.
*p< 0.05. (C) Confocal lateral view live images of WT and akt*2 embryos at 24 hpf trunk
in Tg (fit4:YFP; kdrl:hRas-mCherry)hu4881:s8% \White arrowheads indicate the abnormal
artery and vein connection in the representative images. Bar plots on right show in WT,
and akt*? quantification. The embryos were placed in the lateral view with dorsal side
up and anterior to left. Data are mean + SEM for DA and PCV diameters and artery and
vein connections; *p< 0.05. DA=Dorsal Aorta, PCV=Posterior Cardinal Vein,

ISV=intersegmental vessels.
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Figure. 2. Single cell sequencing and in situ confirmation of diminished arterial
markers expression in akt¥2 zebrafish.

PHATE plots (A,C) and heat maps (B,D) of scRNASeq data from WT and mixed akt*2
embryonic kdrl+ endothelial cells, respectively. All heatmaps depict z-score of vascular
gene expression levels in kdrl+ endothelial cells expressing transcripts in sSCRNA-seq
PHATE branches. (E) Heatmap highlighting the expression of venous, lymphatic and
arterial markers from branches 1, 2, 6 and 11. (F) Heatmap showing increased fraction
of cells in branch #11 in mixed akt*2 embryos with the length of the line on the top
delineating the fraction of cells within the endothelial cell population. (G) Whole mount n
situ hybridization bright field images of arterial markers ephrinB2, delta C (dlc) and
notch3 in trunk vasculature of WT and akt”* embryos at 24 hpf. The embryos were
placed in the lateral view with dorsal side up and anterior to left. Bar plots quantify pixel
intensity of each marker. Data are mean + SEM; *p< 0.05. DA=Dorsal Aorta,

PCV=Posterior Cardinal Vein.
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Figure. 3. Loss of akt impedes arteriovenous separation, but not angioblast
homing or ERK signaling.

(A) Images from time lapse movies of WT and akt??in Tg (fit4:YFP; kdrl:hRas-
mCherry)hu4881:s896 embryos (20-22 hpf). The embryos were placed in the lateral view
with dorsal side up and anterior to left. Timestamps are in upper left of each panel.
White arrows indicate connection between the artery and vein. (B) In situ hybridization
of marker fli1a labels the position of angioblasts at 10 ss, 14 ss and 18ss in WT and
akt”2 embryos. White arrows point to the lateral posterior mesoderm (LPM) at 10 ss
and indicates the middle line formation at 14 ss and 18 ss. (C) Lateral view of
immunofluorescence images showing phosphorylated ERK in DA of WT and akt*2in Tg

(fit4: YFP;)"488" embryos at 14 ss. Data are mean+SEM. NS=non-significant.
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Figure. 4. Loss of akt reduces DA diameter and arterial specification via FOXO
and Notch.

(A) Lateral view images and (B) quantification of DA diameters and A-V connections in
the trunk vasculature after treatment of WT and mixed akt*’2 embryos at 24 hpf with a
selective inhibitor of the VEGF receptor 2 (SU-5416, 1 uM). (C) Lateral view images and
(D) quantification of DA diameters and A-V connections of the trunk vasculature after
treatment of WT and mixed akt*2 embryos at 24 hpf with a PI-3K inhibitor (LY-294,002,
80 uM) (E) Lateral view images and (F) quantification of DA diameters and A-V
connections of the trunk vasculature after treatment of WT and mixed akt*2 embryos at
24 hpf with a FOXO inhibitor (AS1842856, 0.1 uM). (G) In situ hybridization and (H)
quantification of arterial marker dlc in WT and mixed akt*2 embryos with and without
treatment with FOXO1 inhibitor (AS1842856, 0.025 uM) and injection of an endothelia
specific plasmid, Fli1a:Notch-NICD. Data are mean+SEM, * p<0.05, **p<0.01,
****p<0.0001. NS=non-significant. (I) Model for Akt signaling in WT and akt mutant

zebrafish.
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STAR METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE | SOURCE IDENTIFIER
Antibodies
monoclonal rabbit phospho-Akt T308 cell signaling Cat#2965; RRID: AB_2255933
monoclonal mouse pan-Akt cell signaling Cat#2920; RRID: AB_1147620
monoclonal mouse anti-actin Sigma-Aldrich Cat#A4700; RRID: AB_476730
chicken polyclonal anti-GFP Abcam Cat#ab13970; RRID:

AB_300798
rabbit polyclonal RFP antibody Antibodies- Cat#ABIN129578; RRID:
online AB_ 10781500

monoclonal rabbit phospho-Erk cell signaling Cat#4695; RRID: AB_390779

goat anti-rabbit Alexa Fluor 680

Thermo Fisher

Cat#A20984; RRID:
AB_10375714

goat anti-chicken Alexa Fluor 488

Thermo Fisher

Cat#A11039; RRID:

AB_2534096

goat anti-mouse Alexa Fluor 680 Thermo Fisher | Cat#A21057; RRID:
AB_2535723

goat anti-mouse 800 Rockland Cat#610-145-002-0.5; RRID:
AB_11182794

Sheep anti-digoxigenin-AP-Fab Roche Cat#11093274910; RRID:

AB_514497

Chemicals, Peptides, and Recombinant Proteins

SU5416 Sigms-Aldrich Cat#S8441; CAS: 204005-46-9
AS1842856 Millipore Sigma | Cat#344355
LY-294,002 Sigms-Aldrich Cat#L.9908; CAS:934389-88-5
PTU (N-Phenylthiourea) Sigms-Aldrich Cat#P7629; CAS:103-85-5
NBT/BCIP Roche Cat#1681451
Complete Protease Inhibitor Cocktail Roche Cat#11 697 498 001
Pefabloc SC AEBSF Roche Cat#30827-99-7
PFA Electron Cat#15710-S
microscopy
sciences
Tunicamycin Millipore Sigma | Cat#T7765
Critical Commercial Assays
ApopTag Red in situ Apoptosis Detection | Millipore Sigma | Cat#S7165
kit
DC Protein Assay Bio-rad Cat#5000112
TOPO TA cloning kit Invitrogen Cat#K4500
iScript Reaction mix Bio-rad Cat#1708890
iQ SYBR green supermix Bio-rad Cat#1708882
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Deposited Data

Sc-RNA seq | This paper | GEO

Experimental Models: Organisms/Strains

Zebrafish: wildtype AB ZIRC N/A

Zebrafish: akt1 Y2348 This paper N/A

Zebrafish: akt2 Y2349 This paper N/A

Zebrafish: akt3a Y230 This paper N/A

Zebrafish: akt3b 2% This paper N/A

Zebrafish: Tg(flt4: YFP)"4887 N/A ZDB-ALT-100208-1

Zebrafish: Tg(kdrl: mCherry)s®' N/A ZDB-ALT-090506-2

Recombinant DNA

Tol2-Fli1a-NICD-v2a-cherry | This paper | N/A

Software and Algorithms

Prism 8 Graphpad https://www.graphpad.com/scie

Software ntific-software/prism/

Volocity Imaging Software Perkin Elmer N/A

R Software N/A https://www.r-project.org/

Li-COR Odyssey Li-COR https://www.licor.com/bio/odyss
ey-clx/

Image Studio software Li-COR https://www.licor.com/bio/image
-studio-lite/download

Neurolucida mbf Bioscience | https://www.mbfbioscience.com/
neurolucida

Image J NIH https://imagej.nih.gov/ij/
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Requests for information and materials can be sent to Stefania Nicoli
(stefania.nicoli@yale.edu) and William Sessa (william.sessa@yale.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of Akt loss-of-function zebrafish and zebrafish husbandry

Zebrafish were raised and maintained at 28.5°C using standard methods (unless
otherwise indicated), and according to protocols approved by Yale University Institutional
Animal Care and Use Committee (# 2017-11473).
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gRNA generation & injection: CRISPRScan (Moreno-Mateos et al., 2015; Vejnar
et al., 2016) was used to design gRNAs to mutate the Akt 1, 2, 3a 3b loci with
CRISPR/Cas9 genome editing (sequence Table S1). The gRNA template for in vitro
transcription was PCR amplified and purified with Qiaquick PCR purification Kit (Qiagen).
In vitro transcription followed and was performed as described (Narayanan et al., 2016).
. FO Tg(fit: YFP; kdrl: mCherry)"u4881s916embryos injected with 100 pg of gRNA and 200 pg
of Cas9 mRNA at the one-cell stage were used to confirm mutagenesis via T7
endonuclease | (T7E1) assay and sequencing as described (Narayanan et al., 2016) or
were analyzed in phenotypic assays. Genomic DNA was isolated from a clutch of injected
embryos with 100 mM sodium hydroxide and 1M pH 7.5 Tris-HCI and then amplified
regions including the mutation site using PCR. After 3 months, the FO founder fish was
genotyped using fragment analysis (DNA analysis Facility Yale University) and out-
crossed with WT (sequence Table S1). F1 allele were identified, genome PCR product
were cloned into TOPO vector with the TOPO TA cloning kit (Invitrogen) for sequencing.
The sequencing results showed that the mutant alleles carried the following out loss of
function mutation: Akt1 Y2348 (-1 based pair deletion), Akt2 Y2349 (+10 based pair insertion),
Akt3a ¥2350 (-21 based pair deletion) and Akt3b Y2351 (-4 based pair deletion), which are
labeled as homozygous akt1%4, akt22, akt3a”? and akt3b*? in the paper. The mixed
akt™2 in this study were generated from the in-cross of akt1, akt3a, akt3b homozygous
and akt2 heterozygous mutant.

For DNA injection, embryos were injected in the one-cell with 25 pg of the
expression construct Tol2-Fli1a-NICD-v2a-cherry and Tol2 transposase mRNA, and later
selected for mCherry expression.

METHOD DETAILS
Single cell RNA sequencing

WT and Akt loss-of function zebrafish embryos were collected at 24 hpf,
dechorionated and placed in 2 ml tubes with egg water. Embryos were disassociated
into single cell suspensions and subjected to Fluorescence Activated Cell Sorting
(FACS) as described for transgenic zebrafish previously (Ristori and Nicoli, 2015),
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Tg(fit4:YFP; kdrl:mCherry)u4881s916 endothelial cells were FAC-sorted into 0.04% BSA in
1x PBS and the captured endothelial cell fraction was loaded onto the 10X Genomics
Chromium instrument for a targeted recovery of 10,000 cells per sample. The reaction
was then reverse transcribed and barcoded using the 10X Genomics Chromium Next
GEM Single Cell 3’ Library Construction Kit v2.1 according to manufacturer instructions.
The barcoded libraries were sequenced on Illlumina HiSeq 4000 instrument. The
reads were de-multiplexed using 10X Genomics provided version of program bcl2fastq.
These fastq files were further processed with cellranger and indexed custom genome for
D. rerio with sequences for mCherry. The output of cellranger program was processed
using the package Seurat (Satija et al., 2015; Stuart et al., 2019) in R (Team, 2019).
Briefly, the data was filtered such that all the cells that had less than unique transcripts
detected or had more than 10% of the transcripts coming from mitochondrial genes were
eliminated, as were the genes that were seen in less than 3 cells. Filtered data was then
normalized and scaled using sctransform (Hafemeister and Satija, 2019). The data was
further clustered in Seurat, and then rendered as a PHATE plot (Moon et al., 2019).

Quantitative RT-PCR

Embryos were processed whole or disassociated into single cell suspensions and
subjected to FACS as described above for zebrafish scRNA-seq. 300 ng RNA was mixed
with iScript Reaction mix and reverse Transcriptase (Bio-Rad) to generate cDNA with a
20 ul reaction (Kasper et al., 2017). qRT-PCR primers are listed in Table S1.

The 272CT or 2722CT method was used to determine relative gene expression for
quantitative RT-PCR analyses as indicated. mRNA levels were normalized to the beta
actin housekeeping gene, actb1 and was relative to the indicated control. Statistical
comparisons between replicate pair ACT values for indicated groups were determined by

a paired, two-tailed Student’s t-test.

Western Blot

Protein extraction was performed as following: 10-20 WT and Akt loss-of function
zebrafish embryos (4 days post fertilization) were placed in 1.5 ml tubes and 1x PBS.
Embryos were pipetted with 20 ul tip to break the zebrafish tissues and centrifuged at


https://doi.org/10.1101/2020.06.04.134718

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134718; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1300 rpm for 10 minutes. After removing the supernatant, pellets were re-suspended in
the lysis buffer with 2 ul per embryo. The lysates were left on ice for 15 minutes, mixed
for 15 seconds and span at 12000 rpm for 10 minutes at 4 C. The supernatant was
transferred to new cold tubes, sonicated for 6 seconds and protein concentration
measured using DC Protein Assay (Bio-rad). Samples were mixed with 6x protein buffer
and boiled for 5 minutes. About 20 ug protein samples were added into 10% SDS—-
polyacrylamide gel electrophoresis (SDS-PAGE) well and run at 80 V for 20 minutes
and 100 V for about 1 hour. Then the SDS-PAGE was transferred to 0.45-uym
nitrocellulose membranes (Bio-Rad) at 100 V for 2 hours. The nitrocellulose membranes
were by 5% Bovine serum albumin (BSA) blocking buffer for 1 hour, incubated with
primary antibody at 4°C overnight, washed with TBST (Tris-buffered saline, 0.1% Tween
20) for 5 minutes 3 times, incubated with and washed with TBST for 5 minutes 3 times.
Blots were visualized by Li-COR Odyssey and analyzed by the Image Studio software
(Li-COR).

Lysis buffer included 50 mM Tris-HCI, 1% NP-40 (v/v), 0.1% SDS, 0.1%
Deoxycholic acid, 0.1 mM EDTA, 0.1 mM EGTA and 8 mg NaF, 4 mg sodium
pyrophosphate, 20 mg Complete Protease Inhibitors (Roche), 3 mg Pefabloc SC
AEBSF (Roche), 0.25 mM Sodium orthovanadate and 50 mM B- glycerolphosphate in
10 ml lysis buffer. Protein buffer contains 70 ml Tris-HCI, 36 ml glycerol, 10 g SDS, 6 ml
2-Methylbutane, 40 mg bromphenol-blue and water to 120 ml. Primary antibodies
(1:1000) were monoclonal rabbit phospho-Akt T308 (cell signaling #2965), monoclonal
mouse pan-Akt (cell signaling #2920) and monoclonal mouse anti-actin (Sigma-Aldrich).
Secondary antibodies (1:10,000) were goat anti-rabbit Alexa Fluor 680 (Invitrogen), goat

anti-mouse Alexa Fluor 680 (Invitrogen) and goat anti-mouse 800 (Rockland).

Whole mount in situ hybridization.

Whole mount in situ hybridization (WISH) was performed using hybridization
probes previously described (Kasper et al., 2017). Images of at least 6-12 stained
embryos per replicate were blinded and quantified as follows. Briefly, images were
converted to 8-bit and processed with FFT bandpass filter, filtering large structures to 200
pixels. Region(s) of interest were identified via thresholding and staining area or cluster
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number was measured using Analyze Particles(Dobrzycki et al., 2018b). Area
measurements or cluster counts from biological replicates per genotype were combined
and an unpaired, two-tailed Mann-Whitney U test was applied to detect statistical

differences between conditions.

Immunofluorescence

WT and Akt loss-of-function embryos (24 hpf) were fixed and washed with the
same condition as performed in WISH. After permeabilization with 0.125% Trypsin in
PBS on ice for 20 minutes, samples were washed with PBST for 5 minutes 3 times and
blocked at 4°C for 3-4 hours. Primary antibodies were monoclonal rabbit phospho-Erk
(cell signaling #4695) (1:100), chicken polyclonal anti-GFP (1:300) (Abcam) and rabbit
polyclonal RFP antibody (antibodies online) (1:300) were mixed with samples overnight.
Samples were washed 6 times 45 minutes each and incubated with secondary
antibodies (invitrogen) (1:300) goat anti-rat Alexa Fluor 594, goat anti-chicken Alexa
Fluor 488 and goat anti-rabbit Alexa Fluor 633 overnight and washed with PBSTw 6

times each 45 minutes. Embryos were imaged with Lecia SP8 microscope.

TUNEL assay

30-40 WT and Akt loss-of-function zebrafish were placed in 1.5 ml tubes and
fixed with 4% PFA at 4°C overnight. Samples were washed with PBS for 3 times, placed
in MeOH at -20°C overnight and washed with 75% MeOH/PBST, 50% MeOH/PBST,
25% MeOH/PBST and PBST for 5 minutes respectively. After treatment with 10 ug/ml
proteinase K at room temperature for 1.5 minutes, samples were washed with PBST
twice and re-fixed in 4% PFA at room temperature for 20 minutes. Samples were
washed with PBST for 5 minutes 5 times and incubated with pre-chilled Ethanol:Acetic
Acid (2:1) at -20°C for 10 minutes. Followed with 3 times wash of PBST for 5 minutes
each, samples were incubated at room temperature in 75 ul equilibration buffer for 1
hour (ApopTag Red in situ Apoptosis Detection kit (Millipore)). A small volume of
working strength TdT (70% reaction buffer and 30% TdT with 0.3% Triton 100) was
added into the reaction and incubated at 37°C overnight. The positive control was
incubated with DNAsel overnight. The negative control was without TdT. The reaction
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was stopped with working strength stop/wash buffer (1 ml concentrated buffer with 34
ml dH20) for 3-4 hours at 37°C. After wash with PBST 3 times for 5 minutes, samples
were blocked with 2 mg/ml BSA, 5% sheep serum in PBST for 1 hour at room
temperature and incubated in dark for 45-60 minutes at room temperature with working
strength rhodamine antibody solution. After 30 minutes wash with PBST for 4 times,
samples were incubated for 15 minutes with DAPI (1:200) in PBST and washed 3 times
with PBST.

Chemical treatments

10 hpf zebrafish embryos were treated with 0.025 uM FOXO1 inhibitor
(AS1842856, Millipore Sigma), 1 uM Sugen 5416 (SU5416, Sigma-Aldrich), 80 uM PI3K
inhibitor (LY-294,002, Sigma-Aldrich). At 24 hpf treated embryos were fixed an

processed for immunofluorescence or whole mount in situ hybridization.

Image Acquisition

Zebrafish embryos imaged by confocal or bright-field microscopy were raised in
0.003% 1-phenyl-2-thiourea (PTU) starting after the gastrulation stage to prevent
pigmentation. Embryos imaged live by confocal microscopy were anesthetized in 0.1%
tricaine and mounted in 1% low melt agarose. The maijority of fluorescent images and
time lapse movies were captured with an upright Leica Microsystems SP8 confocal
microscope. Confocal time lapse movies were performed at room temperature starting at
~20 hpf with z-stacks acquired at an interval of 11 minutes for a total of 15 hours. Bright
field images of whole mount in situ staining were acquired with a Leica Microsystems

M165FC stereomicroscope equipped with Leica DFC295 camera.

QUANTIFICATION AND STATISTICAL ANALYSIS
Live fish imaging quantification

Using the software Imaris, DA, PCV and ISV were tracked manually and
information of DA and PCV diameters and ISV length quantified and used for statistical

analysis.
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Statistical analysis

The quantification of in situ hybridization is followed the method of the Monteiro
group (Dobrzycki et al., 2018a). The difference is that | used the nonparametric t-test
(Mann-Whitney test) instead of 2-tailed ANOVA test. The other quantification is also
nonparametric t-test (Mann-Whitney test). Z-scores were calculated based on the
average gene expression and standard deviation across all PHATE branches for an

individual gene.

DATA AND CODE AVAILABILITY

The scRNA sequencing results were submitted to Gene Expression Omnibus.

SUPPLEMENTAL INFORMATION

There are four supplement figures, two movies and one table.
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Figure. S1. Akt ~2 embryos exhibit normal morphology.

(A) akt1, 2, 3a and 3b mRNA levels in endothelial cells at 24 hpf. Endothelial cells were
isolated from Tg (kdrl:mcherry) using FACS. (B) Bright field images of the body and
head morphology of WT and akt*? embryos at 48 hpf and quantification on right side.
Black arrows demonstrate the less pigment in the embryos; doted white line indicate the
width of brain regions. (C) Bar plots show in WT, and mixed akt”? cardiovascular
defects as reported in Figure 1C for akt”2 embryos. Data are mean + SEM for DA and
PCV diameters and artery and vein connections; **p< 0.01, ***p<0.001, ****p<0.0001.
DA=Dorsal Aorta, PCV=Posterior Cardinal Vein. Fb=Forebrain, Mb=midbrain,

Hb=Hindbrain.
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Figure. S2. akt”2 embryos express normal venous and non-vascular specification
markers.

Whole mount situ hybridization images show flt4 venous marker, mature neuron
markers ngn1 and elav/3 and somite marker myoD in WT and akt”? embryos at 24 hpf
trunk. All images represent the lateral view of zebrafish embryos, head to the left. nt:

neural tube, n: notochord, DA=Dorsal Aorta, PCV=Posterior Cardinal Vein.
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Figure. S3. Akt drives DA specification without inhibiting vegfa, flow or promoting
cell death.

(A) Bright field images of whole mount in situ hybridization showing Vefgaa expression
at 18ss and quantification. (B) Confocal image of WT or akt?2 embryos at 24 hpf trunk
with TUNEL assay labeling the apoptotic cells and quantification. All images represent
the lateral view of zebrafish embryos, head to the left. Data are expressed as
mean+SEM, *p<0.05 and NS=non-significant. DA=Dorsal Aorta, PCV=Posterior

Cardinal Vein, ISV=Intersegmental vessels.


https://doi.org/10.1101/2020.06.04.134718

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134718; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Table S1. gRNA, qPCR and genotyping primers used in the paper.

Primer name F/R | Primer sequence (5°-3’) Assay
Akt1 F | TGCAGCGGTTAGGTGGAGGT gPCR

R | CTTGTCCAGGTGGTGTGATG gPCR
Akt2 F | GATCCGCTTCCCTAGAAACC gPCR

R | GGTGGAACGAGCTTCTTTTG gPCR
Akt3a F | CAAGAGACTTGGTGGAGGTC gPCR

R | AGGAGAACTGGGGGAAGTGT gPCR
Akt3b F | CCAATAAGAGGCTCGGAGGA gPCR

R | CTGGCTTTCTCTCGCACCAG gPCR
actin F | TTCCTCCGCTTTCTCTGCAG gPCR

R | CCGAGCATCTCAGGGAATCC gPCR
F-Akt1 F | AGGGCCTAAAGCTGATCCAT genotyping

R | CTGTGAGGCCACATTGCTAA genotyping
F-Akt2 F | AGGAAGGGGTAGGGGTACAA genotyping

R | TGAGTCAAGGCACTCACCAC genotyping
F-Akt3a F GGCCTGACGACTTAAGCAAA genotyping

R | CACTGGATTCGCTCCTCTTC genotyping
F-Akt3b F | GGGTCAAAAACAGGCCATAA genotyping

R | TGGGAGCGGTGATTAAATTG genotyping
Akt1 F | GGGAAGGTGATTCTGGTGA gRNA
Akt2 F | GGCATCCAGGCTGTGGCCAA gRNA
Akt3a F | GGCAGAGGCGATCCAGATGG gRNA
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Akt3b F GGCAGACAAGCTGGCCAAAC gRNA
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