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Tek (Tie2) is not required for cardiovascular development

in zebrafish
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ABSTRACT

Angiopoietin/TIE signalling plays a major role in blood and lymphatic
vessel development. In mouse, Tek (previously known as Tie2)
mutants die prenatally due to a severely underdeveloped
cardiovascular system. In contrast, in zebrafish, previous studies
have reported that although embryos injected with fek morpholinos
(MOs) exhibit severe vascular defects, tek mutants display no obvious
vascular malformations. To further investigate the function of zebrafish
Tek, we generated a panel of loss-of-function tek mutants, including
RNA-less alleles, an allele lacking the MO-binding site, an in-frame
deletion allele and a premature termination codon-containing allele.
Our data show that all these mutants survive to adulthood with no
obvious cardiovascular defects. MO injections into tek mutants lacking
the MO-binding site or the entire tek locus cause similar vascular
defects to those observed in MO-injected +/+ siblings, indicating off-
target effects of the MOs. Surprisingly, comprehensive phylogenetic
profiling and synteny analyses reveal that Tek was lost in the largest
teleost clade, suggesting a lineage-specific shift in the function of TEK
during vertebrate evolution. Altogether, these data show that Tek is
dispensable for zebrafish development, and probably dispensable in
most teleost species.

KEY WORDS: Tek (Tie2), Cardiovascular development, Genome
editing, Morpholino, Evolutionary genetics, Functional
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INTRODUCTION

The cardiovascular system is one of the first organs to form and
function, and its development is regulated by complex interactions
between different cell types as well as several signalling pathways.
The angiopoietin/TIE signalling pathway plays major roles in blood
and lymphatic vessel development (Iwama et al., 1993; Sato et al.,
1993; Dumont et al., 1995; Yano et al., 1997). This signalling is
achieved by multiple angiopoietin ligands and two receptor tyrosine
kinases, TIE1 (tyrosine-protein kinase receptor 1) (Partanen et al.,
1992) and TEK (tyrosine endothelial kinase, also known as TIE2)
(Dumont et al., 1993). Both of these receptors are highly enriched in
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endothelial cells (ECs) (Armstrong et al., 1993; Batard et al., 1996;
Sato et al., 1998), while the ligands are more broadly expressed
(Davis et al., 1996; Maisonpierre et al., 1997; Pham et al., 2001).
Various missense mutations in 7EK have been identified in
individuals from unrelated families diagnosed with Venous
Malformations (OMIM: #600195), one of the most common
congenital vascular defects in humans (Calvert et al., 1999; Limaye
et al., 2009; Wouters et al., 2010; Amberger et al., 2015). These
mutations lead to ligand-independent hyper-phosphorylation of
TEK and EC hyperproliferation (Limaye et al., 2009; Soblet et al.,
2013; Caietal., 2019). Upregulation of TEK has also been reported
in multiple other diseases, including psoriasis and glioblastoma
(Kuroda et al., 2001; Du et al., 2003; Tait and Jones, 2004; Voskas
et al., 2005; Souma et al., 2016; Ye et al., 2018). In addition,
several heterozygous loss-of-function mutations in 7EK have been
identified in individuals diagnosed with primary congenital
glaucoma (Souma et al., 2016). Yet despite the importance of
TEK in development and disease, much remains to be investigated
about its precise role.

TEK homodimers or heterodimers (with its paralogue TIE1) can
directly bind angiopoietins (Davis et al., 1996; Maisonpierre et al.,
1997; Valenzuela et al., 1999). The TEK intracellular tyrosine
kinase domain becomes auto-phosphorylated upon angiopoietin
binding, leading to the activation of multiple downstream pathways
that regulate EC proliferation, migration, survival as well as
inflammation (Huang et al., 2010; Thurston and Daly, 2012;
Eklund et al., 2017). Many in vivo studies have shed light on the
function of the angiopoietin/TIE signalling pathway. In TEK and
TIEI co-expressing ECs, these two receptors form heterodimers
prior to ligand binding. Upon angiopoietin 1 binding, TIEI is
released and TEK/TEK homodimers form (Seegar et al., 2010).
However, in T/EI-negative ECs, TEK homodimerizes and binds
angiopoietins to regulate vascular homeostasis (Saharinen et al.,
2005; Seegar et al., 2010). These data suggest that the angiopoietin/
TIE signalling pathway is highly context dependent. 7ek mutant
mice die at embryonic day (E) 9.5-10.5 with severe cardiovascular
defects, including reduced heart size, disorganized trabeculae, and
reduced and hyper-permeable blood vessels (Dumont et al., 1994;
Sato et al., 1995). EC-specific Tek knockout (KO) mice exhibit
similar vascular defects to global Tek KO mice, suggesting that TEK
functions cell-autonomously during blood vessel development
(Chu et al., 2016). Global Tiel KO mice die at later stages (E13.5-
P0) from haemorrhage (Puri et al., 1995; Sato et al., 1995; D’ Amico
etal., 2010). Although Tiel expression in ECs appears by E7.5-8.75
(Dumont et al.,, 1995), mutant embryos do not exhibit any
obvious vascular defects before E13.5 (Puri et al., 1995; Sato
et al., 1995; D’ Amico et al., 2010). Tek, Tiel double mutant mice
exhibit more pronounced vascular defects than the single mutants
(Puri et al., 1999; Savant et al., 2015), indicating that these genes
have at least some non-overlapping functions during mouse
development.
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Zebrafish Tek and Tiel exhibit a high degree of sequence
similarity (~70%) with their corresponding murine and human
one-to-one orthologues (Lyons et al., 1998; Cunningham et al.,
2019). tek knockdown (KD) mediated by MO injections has been
reported to lead to severe angiogenesis defects, with intersegmental
vessel (ISV) ECs displaying reduced proliferation and migration (Li
et al., 2014). However, in the ENU-induced tek"/%%” allele, no
obvious vascular phenotypes were observed (Gjini et al., 2011).
This premature termination codon (PTC)-bearing mutant is in fact
homozygous viable and fertile, even though the mutants display
strong nonsense-mediated mRNA decay (NMD) and loss of Tek
protein, as detected by immunostaining (Gjini et al., 2011). Thus,
while tek morphants display severe cardiovascular phenotypes, tek
mutants do not, leaving unresolved the question of the functional
relevance of Tek during zebrafish development.

Phenotypic discrepancies between mutants and morphants in
zebrafish have been reported in many studies (Kok et al., 2015;
Rossi et al., 2015). These discrepancies could be due to off-target
effects of the MOs (Schulte-Merker and Stainier, 2014; Stainier
et al., 2015, 2017; Lai et al., 2019), the analysis of hypomorphic
alleles (Anderson et al., 2017; Tuladhar et al., 2019; Kim and
Zhang, 2020) or transcriptional adaptation (TA), which in some
cases can lead to genetic compensation (Rossi et al., 2015; El-
Brolosy et al., 2019; Ma et al., 2019). To bypass TA, several
strategies have been proposed, including generating small in-frame
deletion as well as RNA-less alleles (El-Brolosy and Stainier, 2017,
Stainier et al., 2017; El-Brolosy et al., 2019). Similarly, the
reliability of MOs has been extensively discussed due to their off-
target effects and toxicity (Schulte-Merker and Stainier, 2014,
Stainier et al., 2015, 2017; Lai et al., 2019). Deletion of the MO-
binding site has been proposed as the only valid control for MO
studies (Stainier et al., 2017; Cunningham et al., 2020).

To further investigate the function of Tek in zebrafish development,
we generated several loss-of-function zek alleles, including RNA-less
alleles, an allele lacking the MO-binding site, an in-frame deletion
allele and a PTC-containing allele. Our data indicate that none of these
mutants exhibits obvious abnormalities during development. Upon
MO injections, fek mutants lacking the MO-binding site, or the ek
locus, display arrested angiogenesis around 22 h post fertilization (hpf)
and defective ISVs at 48 hpf, as do their MO-injected wild-type
siblings, indicating off-target effects of the MO. Thus, although TEK is
indispensable for cardiovascular development in mammals, it is not
required in zebrafish. In line with these observations, our in-depth
evolutionary analyses reveal that the 7ek gene is absent in all
Acanthomorphata (spiny-ray teleosts) species, suggesting a lineage-
specific shift in the function of TEK during vertebrate evolution.

RESULTS

Loss-of-function zebrafish tek mutants do not exhibit
vascular defects

To study the role of TEK during vertebrate development and
investigate the phenotypic discrepancy between zebrafish fek mutants
and morphants, we used the CRISPR/Cas9 genome editing tool
(Hwang et al., 2013) to generate several loss-of-function ek alleles in
zebrafish. These alleles include a PTC allele, fek”™?7$, which
contains a 7 bp deletion in exon 15, resulting in a 799 amino acid
protein predicted to lack part of the transmembrane domain and the
whole tyrosine kinase domain (Fig. 1A). Because small in-frame
deletion alleles were previously suggested to be beneficial for gene
function studies, as they are unlikely to trigger TA (Stainier et al.,
2017; El-Brolosy et al., 2019), we also generated an in-frame deletion
allele, tek”™3#7 (Fig. 1A; Fig. S1), which affects seven amino acids in

the TK domain and is predicted to be a severe allele (Fig. S1).
Furthermore, since RNA-less alleles (i.e. promoter deletions and full-
locus deletions) were also reported not to trigger TA (El-Brolosy
et al., 2019), we generated two full-locus deletion alleles, tek?s3%
and rek?s*%’| by employing multiple gRNAs targeting the 5" and 3’
untranslated regions (UTRs) (Fig. 1A; Fig. S2A,B,D). As an
additional control for the MO injection experiments (Stainier et al.,
2017), we generated an allele lacking the MO-binding site tek”"s#’
(Fig. 1A; Fig. S2A,C,E-G). This allele contains a 261 bp deletion,
which includes the 5'UTR and 34 bp of the fek coding sequence, and
is predicted not to affect protein function (Fig. 1A; Fig. S2A,C,E-G).
We first checked fek mRNA levels in all generated alleles at 24 hpfby
RT-gPCR (Fig. 1B). As expected, the PTC-bearing mutants (tek”*>7%)
exhibited a significant decrease in fek mRNA levels compared with
+/+ siblings, suggesting NMD, whereas the in-frame deletion mutants
(tek”s377) did not exhibit significantly different mRNA levels
compared with +/+ siblings. Furthermore, fek expression was not
detectable in the full-locus deletion mutants (tek”3%, tek”#°%). The
5'UTR deletion mutants (tek”"s#°’) exhibited similar ek mRNA levels
to +/+ siblings (Fig. 1B). All generated mutants, including their
maternal zygotic offspring, are homozygous viable and fertile, as was
reported for the ENU-induced tek"*/%%7 allele (Gjini et al., 2011).
Notably, we did not detect any gross morphological defects in any
of the analysed mutants (data not shown). We also performed
whole-mount and histological analyses on dissected adult hearts from
tek”3%° full-locus deletion mutants and their +/+ siblings, and found
no gross morphological defects, indicating a lack of cardiovascular
phenotypes in tek mutants during adulthood as well (Fig. S3).

Since Tek has been reported to be vital for vascular development in
mice (Iwama et al., 1993; Sato et al., 1993; Dumont et al., 1995; Yano
et al., 1997), and zebrafish fek expression is highly EC enriched
(Fig. S4A-C), we focused on blood vessel formation, and yet found
no obvious vascular alterations in any of the mutants (Fig. 1C’-H"),
when compared with their +/+ siblings (Fig. 1C-H) at 48 hpf.
Endothelial zek expression in zebrafish embryos can be observed from
an early stage, and it appears to be regulated indirectly by Npas4l/
Cloche (Marass et al., 2019). Thus, we examined vascular
development in detail starting at the 10- to 12-somite stage, when
the posterior lateral plate mesoderm migrates to the midline to form
the main vessels (Fouquet et al., 1997). We performed this
experiment with the in-frame deletion allele and the two RNA-less
alleles, and failed to detect any abnormalities (Fig. SSA-D; Fig. S6A-
D; Fig. S7A-D). Furthermore, at 24 hpf, ISV length appeared
unaffected in all mutants analysed, when compared with their +/+
and +/- siblings (Fig. SS5E-H; Fig. S6E-H; Fig. S7TE-H). We next
hypothesized that these mutants might present subtle phenotypes that
would become more prominent when the animals were stressed.
Hence, we subjected the embryosto 1 h heat-shock (HS) treatments at
10 and 22 hpf (Marin-Juez et al., 2016). The total ISV length above
the yolk extension was then quantified from confocal microscopy
images. However, the treated mutant embryos displayed no
significant differences when compared with their +/+ and +/-
siblings (Fig. S5I-L; Fig. S6I-L). Since Tek expression has previously
been reported in haematopoietic stem cells (HSCs) in the bone
marrow niche (Arai et al., 2004), we also analysed whether loss of ek
function could lead to blood-related phenotypes. We found that,
compared with their +/+ siblings, the full-locus deletion mutants
(tek®s3%?) displayed no obvious changes in red blood cell number and
wild-type-like mRNA levels of the HSC markers runx! and myb
(previously known as c¢myb) at embryonic stages (Fig. S8A-C), as
well as normal heart rate (Fig. S8D; Movies 1 and 2) and blood
circulation during adulthood (Movies 3 and 4). In summary, we
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Fig. 1. No gross vascular morphology defects in RNA-less or in-frame deletion zebrafish tek mutants. (A) Schematic representation of the Tek protein
domains and the lesion in each allele. Blue star represents ENU-induced lesion; red stars and scissors represent CRISPR target sites. Lesions in tek™ 7667 and
tekPs278 result in a premature termination codon in the TK domain- and TM domain-encoding exons, respectively. The lesion in tek?"s347 is an in-frame deletion
that is predicted to severely impair Tek function (Fig. S1). tek?™s39 and tek®"s4%° are full-locus deletion alleles. tek?™s#°" contains a 261 bp deletion around the
translational start site. (B) tek expression levels in different tek mutant alleles when compared with their corresponding +/+ siblings at 24 hpf. (C-H’) Lateral views
of 48 hpf trunk vessels. No obvious vascular phenotype is observed in any of these alleles (C’-H’) when compared with their corresponding +/+ siblings (C-H).
PTC, premature termination codon; Ig, immunoglobulin domain; EGF, epidermal growth factor repeat; FNIII, fibronectin type 3 domain; TM, transmembrane
domain; TK, tyrosine kinase domain. In B, data are meants.d. Scale bar: 200 pm.

generated several loss-of-function fek alleles in zebrafish and
observed no obvious morphological or cardiovascular phenotypes.
To investigate whether the published tek/"/06771667 pyytants lack a
phenotype because of TA-mediated genetic compensation by the fek
paralogue fiel (Gjini et al., 2011), we carried out gene expression
analyses. We first performed RT-gPCR at 24 hpf and observed no
significant increase in fiel mRNA levels in tek/667m1667 muytants
compared with their +/+ siblings (Fig. S9A). We also examined #ek and
tiel expression in 24 hpf tek’™%”* incrossed embryos by whole-mount
in situ hybridization (Fig. S9B-E), and observed significantly reduced tek
expression in tek667/m1667 compared with their +/+ siblings
(Fig. S9B,C), in line with previous data (Gjini et al., 2011). However,
we did not observe obvious changes in tie/ expression (Fig. SOD,E).

tek morphants display vascular defects
To complement studies with the published translation-blocking
MO (ATG1), we also used another non-overlapping MO, fek

ATG2 MO, the binding site of which ends 3 bp 5’ of the ATG1
MO-binding site (Fig. S2A) (Li et al., 2014). At 48 hpf, control
morphants (8 ng) displayed a wild-type-like morphology and a
well-established vascular system (Fig. 2A,G). In contrast, tek
ATG1 morphants (8 ng) exhibited fewer central arteries (CtAs),
fewer ECs in the common cardinal veins (CCVs), and defective
ISVs (Fig. 2B,E,F,H.,K), as previously reported (Li et al., 2014).
tek ATG2 morphants (8 ng) also exhibited reduced CtA sprouting
from the primordial hindbrain channels and fewer ECs in the
CCVs. However, we did not observe obvious abnormalities in the
large vessels of the trunk in 48 hpf morphants (Fig. 2C,E,F,[LK).
We also injected 4 ng of ATG1 MO plus 4 ng of ATG2 MO and
observed similar vascular defects in the head and trunk, when
compared with 8 ng single MO-injected embryos (Fig. 2D-F,J,K).
Taken together, these data corroborate the previous observations
that tek translation blocking MOs can impair vascular formation
(Li et al., 2014).
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Fig. 2. Zebrafish tek morphants display reduced angiogenesis and abnormal CCV formation. (A-D) Lateral views of 48 hpf head vasculature in embryos
injected with 8 ng of control MO (A), 8 ng of tek ATG1 MO (B), 8 ng of tek ATG2 MO (C) or 4 ng of tek ATG1 MO plus 4 ng of tek ATG2 MO (D). Yellow arrowheads
indicate central arteries (CtAs); yellow dashed lines outline the common cardinal veins (CCVs). (E) CtA numbers in different MO-injected groups at 48 hpf.

(F) Endothelial cell numbers in the CCVs in different MO-injected groups at 48 hpf. (G-J) Lateral views of 48 hpf trunk vessels in embryos injected with 8 ng of
control MO (G), 8 ng of tek ATG1 MO (H), 8 ng of tek ATG2 MO (I) or 4 ng of tek ATG1 MO plus 4 ng of tek ATG2 MO (J). Yellow arrowheads indicate
abnormal intersegmental vessel (ISV) formation; yellow asterisks indicate absent ISVs. (K) Number of defective ISVs above the yolk extension in different MO-
injected groups at 48 hpf. In E,F and K, data are meants.d. [one-way analysis of variance (ANOVA) followed by Tukey’s HSD test]. Scale bars: 200 um.

Tek is not required for vascular development in zebrafish

Given the phenotypic differences between fek mutants and
morphants, and the lack of vascular defects in the full-locus tek
deletion mutants, we hypothesized that the fek morphant
phenotypes were due to off-target effects of the MOs. We thus
injected various doses of the tek ATG1 MO into embryos lacking

the MO-binding site (Fig. 3A), and examined their phenotypes at
22 hpf, 2 h after the initiation of angiogenesis (Isogai et al., 2001).
We observed that embryos from rek”s#!’* incrosses exhibited
similarly delayed angiogenesis upon tek MO injections regardless
of their genotype (Fig. 3B,D-I), whereas control morphants
displayed no defects (as shown in Fig. 2A,G). These angiogenesis
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(C) Number of defective ISVs above the yolk extension in 48 hpf tek?"s#07'* incrossed embryos injected with 4 or 8 ng of tek ATG1 MO. (D-F) Lateral views of
trunk vessels in 22 hpf tek?"s40"* incrossed embryos injected with 4 ng of tek ATG1 MO. (G-l) Lateral views of trunk vessels in 22 hpf tek?"$407"* incrossed
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abnormal ISV formation; red asterisks indicate absent ISVs. In B and C, data are meants.d. [one-way analysis of variance (ANOVA) followed by Tukey’s
HSD test]. Scale bars: 200 ym.
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defects were dose dependent as the embryos injected with 4 ng of
tek MO displayed a longer total ISV length when compared with the
embryos injected with 8 ng of fek MO (Fig. 3B). Further
examination of the morphant phenotypes at 48 hpf revealed
incomplete ISVs, or even absent ISV formation, in all morphants,
regardless of their genotype, and again in a dose-dependent manner
(Fig. 3C,J-0).

Furthermore, we injected the tek ATG1 MO into the tek?s3%?
RNA-less allele at several doses (Fig. 4). This allele lacks the
entire fek coding sequence as well as the ATG1 MO-binding site
(Fig. S2A). Again, at 22 hpf, tek morphants displayed similar
angiogenesis defects regardless of their genotype (Fig. 4A-I),
whereas control morphants displayed no defects (as shown in
Fig. 2A,G). Similar to what we observed when we injected the MO
into mutants lacking the MO-binding site, the morphant phenotypes
in tek”s3°* incrossed embryos were also dose dependent, as the
total ISV length was inversely proportional to the injected dose
(Fig. 41). At 48 hpf, we observed defective ISV formation in all
morphants regardless of their genotype (Fig. 4J-R). To assess
whether the off-target effects from the ek ATG1 MO injections
affect tiel expression, we analysed fiel mRNA and pre-mRNA
levels in tek morphants. We found that fie/ mRNA and pre-mRNA
levels remained unchanged in fek morphants when compared with
control (Fig. S9F). In summary, these data indicate that the
published vascular defects in fek morphants (Li et al., 2014) were
due to off-target effects.

The Tek gene is absent from a majority of teleost genomes

The angiopoietin/TIE signalling pathway plays an essential role in
mammalian cardiovascular development (Iwama et al., 1993; Sato
et al., 1993; Dumont et al., 1995; Yano et al., 1997). Given that all
vertebrates have a cardiovascular system, one might assume that this
pathway is similarly essential in bony and cartilaginous fish. Our data,
however, show that Tek is dispensable in zebrafish. This surprising
result suggests a change of TEK function during vertebrate evolution.
To shed further light on this matter, we investigated the evolutionary
history of Tek and Tiel with a particular focus on the fate of these two
genes in ray-finned fish species. Phylogenetic profiling revealed that
Tiel is consistently present in tetrapods, coelacanths and ray-finned
fish, and only individual species are missing a Tiel orthologue. Tiel
is also present in four out of the five analysed ray and shark
(Chondrichthyes) genomes (Fig. 5A; Fig. S10; see Files S1 and S2 in
the supplementary information). Tek, on the other hand, is
ubiquitously present in the tetrapods, including coelacanths, and we
find orthologues in four out of the five Chondrichthyes. Within the
ray-finned fish, however, a huge gap in the phylogenetic profile
indicates the absence of the 7ek gene in most of the analysed fish
genomes (Fig. SA; Fig. S10). Fifty out of the 78 analysed fish species
do not have an annotated Tek locus, including medaka (Oryzias
latipes), fugu (Takifugu rubripes) and cod (Gadus morhua).
Reconstruction of the evolutionary history of Tek and Tiel clarifies
the evolutionary scenario (Fig. S5B). Tek and Tiel can be traced back
to a single ancestral gene in the last common ancestor of the
vertebrates, as both genes share the same orthologue in sea urchin
(Strongylocentrotus purpuratus, Echinodermata) and sea squirt
(Ciona intestinalis, Urochordata). This observation is in line with
the previous suggestion that the SpTiel/2 gene is the sea urchin
orthologue of the vertebrate Tek and Tiel genes (Stevens et al., 2010).
Thus, the two paralogous genes, Tek and Tiel, emerged by a gene
duplication in the last common ancestor of the vertebrates, probably
as a consequence of the whole-genome duplications that occurred on
this lineage (Dehal and Boore, 2005). Tiel is present in all analysed

vertebrate species (Fig. 5B; Fig. S10). Tek was retained in
cartilaginous fish, tetrapods, coelacanths, as well as in early
branching ray-finned fish (Fig. 5B; Fig. S10). Interestingly, our
analysis reveals a parsimonious explanation for the prominent gap in
the phylogenetic profile for 7ek in ray-finned fish. Loss of a single
gene in the last common ancestor of the Acanthomorphata [the largest
clade within the teleost family that emerged ~148 million years ago
(Chen et al., 2014)] accounts for the absence of 7ek in a majority of
the species analysed (Fig. 5B; Fig. S10). To confirm that the absence
of Tek in Acanthomorphata is not an artefact caused by incomplete
gene annotation, we performed a tBlastN analysis (protein sequence
against the translated nucleotide database) (Altschul et al., 1997) in
several teleost species with high quality genome assemblies,
including medaka, platyfish (Xiphophorus couchianus) and
stickleback (Gasterosteus aculeatus). This analysis revealed no
traces of Tek. To further increase the resolution of this comparative
examination, we investigated the gene neighbourhood around 7ek
across vertebrates (Fig. SI11) (Nguyen et al., 2018). This study
revealed that whenever Tek is present, it is always placed head to tail
directly downstream of /fi74, or with one intervening gene, and this
gene order is conserved from sharks to human (Fig. S11). The shared
synteny of Tek and Ift74 indicates that zebrafish and mouse 7ek are
also positional orthologues (Dewey, 2011). Moreover, the
conservation of this gene order helps to rule out the unlikely case
that all Acanthomorphata genomes suffer from the same genome
reconstruction artefact that places ek into an assembly gap. Ifi74 is
consistently present throughout the ray-finned fish and also in the
Acanthomorphata. We also visually inspected the genomic region
around /{174 in a subset of Acanthomorphata species, and found no
evidence for a consistent assembly artefact across these genomes.
In particular, the Fugu assembly is fully closed in this region,
showing no traces of Tek (Fig. S12). In summary, we conclude that
neither a missing gene annotation nor assembly artefacts explain
the absence of Tek in Acanthomorphata. Instead, there is strong
evidence that Tek was lost in the Acanthomorphata lineage during
evolution, which required that it become functionally dispensable
beforehand. To assess whether the angiopoietins display a similar
evolutionary pattern, we extended the phylogenetic profiles to
include angiopoietin 1 and angiopoietin 2 (Fig. S13; see File S2 in
the supplementary information). This analysis, however, revealed
no evidence for an accompanying change for these two proteins
during evolution.

DISCUSSION

Phenotypic discrepancies between zebrafish tek mutants and
morphants have been reported (Gjini et al., 2011; Li et al., 2014),
leading to questions about the precise function of fek during
zebrafish development. In this study, we generated and analysed
several mutant alleles of fek, and integrated these findings with
comprehensive evolutionary genetic analyses. Our data indicate that
Tek is dispensable for zebrafish development.

Systematic examination of gene function

Phenotypic differences between mutants and morphants could
result from TA-mediated genetic compensation (Rossi et al., 2015;
El-Brolosy et al., 2019; Ma et al., 2019), off-target effects of the
MOs (Schulte-Merker and Stainier, 2014; Stainier et al., 2015,
2017; Lai et al.,, 2019) or the analysis of hypomorphic alleles
(Anderson et al., 2017; Tuladhar et al., 2019; Kim and Zhang,
2020). Because of the lack of deficiency alleles in zebrafish and the
limited availability of antibodies against zebrafish proteins, it is
often hard to determine the relative strength of a mutant allele
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Fig. 4. tek MO injections into the zebrafish tek”"s39° RNA-less allele cause vascular phenotypes. (A-H) Lateral views of trunk vessels in 22 hpf tek?"s399/+

incrossed embryos injected with 2 (A,B), 4

(C,D), 6 (E,F) or 8 (G,H) ng of tek ATG1 MO. (l) Total length of 10 intersegmental vessels (ISVs) above the yolk

extension in 22 hpf tek?"$399* incrossed embryos injected with 2, 4, 6 or 8 ng of tek ATG1 MO. (J-Q) Lateral views of trunk vessels in 48 hpf tek?"5399* incrossed

embryos injected with 2 (J,K), 4 (L,M), 6

(N,O) or 8 (P,Q) ng of tek ATG1 MO. Red arrowheads indicate abnormal ISV formation; red asterisks indicate absent ISVs.

(R) Number of defective ISVs above the yolk extension in 48 hpf tek?"s399* incrossed embryos injected with 2, 4, 6 or 8 ng of tek ATG1 MO. In | and R, data are
meanzs.d. [by one-way analysis of variance (ANOVA) followed by Tukey’s HSD test]. Scale bars: 200 pm.

(Gutetal., 2017). To address these issues, we used multiple gRNAs
to target the 5" and 3’ UTRs of ek and create full-locus deletions.
One caveat of this approach is the presence of potential regulatory
elements within the deleted area. Therefore, we also generated and
analysed other alleles, including a small in-frame deletion allele and
a PTC-bearing allele, and observed no obvious phenotypes in any of
these mutants (Fig. 1). These data suggest that lack of a phenotype in
loss-of-function fek mutants is unlikely due to TA-mediated genetic
compensation, or to them being hypomorphic alleles. Our genetic
experiments provide a systematic examination to determine 7ek
function, and indicate that Tek is dispensable for zebrafish
development. This conclusion stands in stark contrast to the
important roles of mammalian TEK in cardiovascular development,
and strongly hints towards a shift of angiopoietin/TIE signalling in
function/essentiality during vertebrate evolution.

Possible function of angiopoietin/TIE signalling in zebrafish
development

Angiopoietin/TIE ~ signalling is essential for cardiovascular
development in mammals; 7ek and angiopoietin 1 (4Angptl)-deficient
mouse embryos exhibit severe cardiac defects, as well as abnormal
vascular remodelling (Dumont et al., 1994; Sato et al., 1995; Suri et al.,
1996; Jeansson et al., 2011). Tiel mutant mice exhibit malformed
lymphatic sacs and blood vessel remodelling defects (Puri et al., 1995;
D’Amico et al., 2010; Qu et al., 2010). Interestingly, no cardiac defects
were observed in 7iel-deficient mouse embryos (Puri et al., 1995).
These data together suggest that murine 77e/ might be predominantly
required for lymphatic vessel formation and remodelling. Previous
studies in mouse have also shown that only TEK but not TIE1 has the
ability to bind angiopoietins directly (Suri et al., 1996; Maisonpierre
etal., 1997). Even though TIE1 was reported to be an orphan receptor,
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information.

angiopoietin 1 can stimulate TIE1 phosphorylation, and this activation
is enhanced by the presence of TEK (i.e. a TIEI/TEK heterodimer)
(Marron et al., 2000; Saharinen et al., 2005). While angiopoietin 1 is
an agonist of TEK, angiopoietin 2 is a context-dependent agonist/
antagonist of TEK (Davis et al., 1996; Maisonpierre et al., 1997).
All major angiopoietins are present in the zebrafish genome (Pham
etal., 2001). As in mammals, angptl and angpt 2 in zebrafish have
been reported to be required for cardiovascular development, based
on MO experiments (Lamont et al., 2010; Li et al., 2014). We found
that loss-of-function fek mutants in zebrafish display no obvious
morphological or cardiovascular defects, whereas mammalian Tek
mutants display severe cardiovascular defects (Dumont et al., 1994;
Sato et al., 1995). On the other hand, fie/ mutants in zebrafish
display severe cardiovascular defects (Carlantoni et al., 2020).
Thus, it is possible that in zebrafish Tiel has fully or partially
overtaken the function of Tek. Similarly, in other fish species that
have lost the tek locus, TIEl might be solely responsible for
angiopoietin/TIE signalling.

Evolutionary analyses facilitate gene function studies

The emergence of novel gene functions is often preceded by the
duplication of an ancestral gene followed by the functional
diversification of the paralogues (Ohno, 1970; Magadum et al.,
2013). Our data suggest that 7ek and Tiel/ emerged by a gene
duplication event in the last common ancestor of the vertebrates
(Fig. 5B). Experimental evidence in human and mouse has revealed
that both genes are actively involved in angiopoietin/TIE signalling in
mammalian cardiovascular development. The maintenance of the
two paralogues over more than 450 million years (dos Reis et al.,
2015) indicates that they have assumed distinct and essential roles
during their evolution. Given that all vertebrates have a cardiovascular
system, it seems natural to hypothesize that the involvement of Tek
and Tiel in vascular formation represents the ancestral state, and that
both proteins are similarly essential in zebrafish. However, our results
are at odds with this scenario. Although both tek and tiel are present
in the zebrafish genome, Tek is functionally dispensable for zebrafish
development. Moreover, our phylogenetic profiling reveals that this
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gene is entirely absent in the Acanthomorphata lineage, which
comprises about 60% of the contemporary teleost species, and about
one-third of all vertebrate species (Alfaro et al., 2018). This
observation strongly indicates that angiopoietin/TIE signalling is
evolutionarily more plastic than hitherto assumed. Although both
Tek and Tiel were present in the last common ancestor of mammals
and ray-finned fish, our results show that their precise roles in
cardiovascular development remain to be determined. It is still
tempting to speculate that TEK and TIE1 have been as important as
they are in contemporary mammals, and that TEK lost its essentiality
in the teleost lineage. However, it appears similarly parsimonious to
hypothesize that TEK gained its essential role only after the ray-
finned fish split from the tetrapod lineage. Surprisingly, preliminary
evidence may in fact hint towards the latter hypothesis. Increasing the
resolution of the phylogenetic profiles to the level of protein feature
architecture reveals that both mammalian TEK and TIEl have
experienced a lineage specific modification in their architecture:
Mammalian TEK displays a unique ligand-binding Ig2 domain
architecture; TIE1, in turn, has gained a proline/glycine-rich domain
at its N-terminus (Fig. S14A,B). It will be interesting to determine
whether this proline-rich domain is involved in protein-protein
interactions and signalling complex assembly (Kay et al., 2000).
Functional studies on the protein domain level complemented with
studies examining the essentiality of TEK and TIEI in both early
branching tetrapods (e.g. western clawed frog, Xenopus tropicalis)
and early branching ray-finned fish (e.g. spotted gar, Lepisosteus
oculatus) will help to clarify on which evolutionary lineage and in
which direction the potential functional transition of TEK occurred.

MATERIALS AND METHODS

Zebrafish husbandry and strains

All zebrafish (Danio rerio) were maintained under standard conditions
according to institutional (Max Planck Society) and national ethical and
animal welfare guidelines approved by the ethics committee for animal
experiments at the Regierungsprasidium Darmstadt, Germany (permit
number B2/1218) as well as the FELASA guidelines (Alestrom et al., 2019).
The following zebrafish lines were used: Tg(flila:EGFP)*! (Lawson and
Weinstein, 2002) and Tg(kdrl:EGEFP)**# (Jin et al., 2005).

Genome editing by CRISPR/Cas9

CRISPR gRNA design was performed using online tools https:/eu.idtdna.com/
site/order/designtool/index/CRISPR_SEQUENCE and http:/chopchop.cbu.
uib.no/. gRNAs were generated with gRNA specific primers (Thermo Fisher
Scientific) as previously described (Hwang et al., 2013). gRNAs were
transcribed with the MEGAshortscript T7 Transcription Kit (Thermo Fisher
Scientific) followed by purification with the RNA Clean and Concentrator kit
(Zymo Research). The PTC-containing allele tek”*?’S and the in-frame
deletion allele tek”3%” were generated with single gRNA targeting the
corresponding tyrosine kinase domain. The RNA-less tek”**3*? and tek?#%0
alleles and the 5’'UTR deletion rek”s#*! allele were generated with different sets
of gRNAs as illustrated in Fig. 1. Notably, the zek”#*! mutation is predicted
not to impair Tek function, due to a downstream ATG present in the 1st exon.
All gRNAs used for CRISPR/Cas9 genome editing are listed in Table S1.

Whole-mount in situ hybridization and O-Dianisidine staining

tek and tiel in situ probes were generated by PCR amplification from 24 hpf
zebrafish cDNA using the primer sets listed in Table S1. PCR products were
subsequently transcribed with T7 or SP6 RNA polymerases (Promega)
followed by purification using an RNA Clean and Concentrator kit (Zymo
Research). Whole-mount colorimetric in situ hybridization was performed
as previously described (Thambyrajah et al., 2016). Embryos were obtained
from heterozygous incrosses and they were processed together throughout
the in situ protocol followed by genotyping. O-Dianisidine staining was
performed on 48 hpf dechorionated embryos for 15 min in the dark at room
temperature with staining solution (600 pug/ml O-Dianisidine, 6.5% H,0,,

40% ethanol and 0.1 M sodium acetate) followed by 15 min room
temperature fixation in 4% PFA and five PBS washes (5 min each).
Embryos for O-Dianisidine staining were obtained from tek?s39%6ns399
incrosses and wild-type sibling incrosses.

Histological analysis of adult zebrafish heart

Histological analyses were performed as previously described (Marin-Juez
et al.,, 2016). Primary antibodies used include anti-myosin heavy chain
(MF20; DSHB) at 1:100 and anti-GFP (Aves Labs, GFP-1010) at 1:200.
Secondary antibodies used include Alexa goat anti-chicken 488 (Invitrogen,
A-11039) at 1:500 and Alexa donkey anti-mouse 568 (Invitrogen, A10037)
at 1:500. The third mutant heart (full-locus deletion) displayed reduced
coronary vessel coverage without gross morphological defects, which could
be due to delayed development during husbandry.

Injections

MOs were injected directly into the yolk of one-cell stage embryos. All MO
sequences are listed in Table S1. gRNA(s) and Cas9 mRNA were injected
together into the cell of one-cell stage embryos (100 pg Cas9 mRNA and
100 pg gRNAs). Capped Cas9 mRNA was synthesized using the
mMESSAGE mMACHINE T3 Transcription kit (Thermo Fisher Scientific)
and purified using an RNA Clean and Concentrator kit (Zymo Research).

cDNA synthesis and RT-qPCR

Total RNA was extracted using 100 ul TRIzol Reagent (Thermo Fisher
Scientific). At least 500 ng of RNA was used for reverse transcription using
the Maxima First Strand ¢cDNA synthesis kit (Thermo Fisher Scientific).
RT-gPCR was performed in a CFX Connect Real-Time System (Bio-Rad).
All reactions were performed in technical triplicates from at least three
biological replicates using the SYBR Green PCR Master Mix (Thermo Fisher
Scientific). Results were normalized to rp/l3a expression. Ct values for the
reference gene ranged between 12 and 21. All primers used for the RT-qPCR
experiments are listed in Table S1. All Ct values are listed in Table S2.

Genotyping

Genomic DNA was extracted using 10-50 ul 50 mM NaOH as previously
described (Wilkinson et al., 2013) or recovered from the lower organic layer
following single embryo RNA extraction with 100 ul TRIzol Reagent
(Thermo Fisher Scientific). tek"*5%7, tekP27$ and tek?™s3#” animals were
genotyped with high-resolution melt (HRM) analysis (Samarut et al., 2016).
Standard PCR was used to genotype the rek”*? and rek”"s#°° RNA-less
alleles and the 5'UTR deletion allele tek”s#%!. All primers used for
genotyping are listed in Table S1.

Heat-shock treatments

Embryos were raised at 28.5°C and then subjected to a 39°C heat-shock for 1 h
by replacing the egg water with pre-warmed (39°C) egg water at 10 and 22 hpf,
and kept in a 39°C incubator as previously described (Marin-Juez et al., 2016).

Confocal microscopy and image processing

Fluorescent images of zebrafish embryos were acquired using a Zeiss LSM
700 confocal microscope (Plan-Apochromat 10%/0.45 objective lens) or a
Zeiss Lightsheet Z.1. microscope (5x objective lens). Adult heart section
images were acquired with an inverted Zeiss Cell Observer SD microscope,
equipped with a Yokogawa CSU-X1 spinning disk (20% objective lens).
Embryos were mounted in 1% UltraPure Low Melting Point Agarose
(Thermo Fisher Scientific) in egg water with tricaine in a glass-bottomed
Petri dish (MatTek) or a capillary tube (Zeiss). Images and videos of whole-
mount embryos and whole hearts were obtained using a Nikon SMZ25
stereomicroscope. Obtained images were subsequently processed with ZEN
(black edition), and image analysis was performed using Imagel. All figures
were prepared using Adobe Photoshop 2020 and Adobe Illustrator 2020.

PROVEAN prediction

Protein function prediction was performed with the Protein Variation Effect
Analyser (PROVEAN) (http:/provean.jcvi.org/index.php) as previously
described (Choi and Chan, 2015).
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Gene order analyses

Gene order analyses were performed with Genomicus version 99.01 (https:/
www.genomicus.biologie.ens.fr/genomicus-99.01/cgi-bin/search.pl) under
custom view with the Chordata root species, as previously described
(Nguyen et al., 2018).

Evolutionary analysis of TEK, TIE1 and angiopoietins

We used HaMStR-OneSeq v1.8.0 (Ebersberger et al., 2014) (https:/github.
con/BIONF/HaMStR) to determine the presence-absence pattern of
orthologues to human TEK (UniprotID: Q02763), TIEl (UniprotID:
P35590), angiopoietin 1 (UniprotID: Q15389) and angiopoietin 2
(UniprotID: O15123) across 255 species represented in the RefSeq partition
of non-mammalian vertebrate genomes available at NCBI Genome (February
2020) (https:/ftp.ncbi.nlm.nih.gov/genomes/refseq/), complemented with the
Quest For Orthologs reference proteomes (https:/www.ebi.ac.uk/reference_
proteomes/), and with the sea urchin (Strongylocentrotus purpuratus)
proteome from NCBI Genome. The full list of taxa is provided in
Table S3. Pairwise protein feature architecture similarities (Koestler et al.,
2010) between the human seed proteins and their respective orthologues were
assessed and scored with feature architecture similarity (https:/github.com/
BIONF/FAS). Phylogenetic profiles together with the protein feature
architecture were visualized and analysed with PhyloProfile (Tran et al.,
2018). Representative orthologues from five sarcopterygians, 76
actinopterygians and five chondrichthyans, and from two chordate outgroup
species were aligned with Muscle v3.8.31 (Edgar, 2004), and alignment
columns with more than 50% gaps were excluded prior to phylogeny
reconstruction using a custom Perl script. The processed alignment served as
an input for a maximum likelihood tree reconstruction with RAXML v.8.2.11
(Stamatakis, 2014) choosing the option to automatically select the optimal
model of sequence evolution (option PROTGAMMAAUTO). Branch
support was assessed with 100 non-parametric bootstrap replicates using
the rapid bootstrapping algorithm implemented into RAXML (Stamatakis
et al., 2008). Tree display and editing were performed with iTOL (Letunic and
Bork, 2019).

Statistics

Statistical analysis was performed using GraphPad Prism 6. P-values were
determined using the Mann—Whitney U test for comparison of two samples,
one-way analysis of variance (ANOVA) followed by Tukey’s HSD test for
comparison of at least three samples or two-way analysis of variance
(ANOVA) followed by Tukey’s HSD test for comparison of at least three
grouped samples. Data are mean+s.d.
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A bns347

(AGCTGCCGTTGGGCTTCAG>GAAACCACTC)
K1042R; L1043N; P1044_G1046del; F1047H; R1048S

Variant PROVEAN Score Prediction (Cutoff= -2.5)
K1042R -1.437 Neutral
L1043N -5.653 Deleterious
P1044_G1046del -17.370 Deleterious
F1047H -0.475 Neutral
R1048S -5.008 Deleterious

B DNA sequence

WT GAGGAACGCCGTACTGCGGGATGACCTGCGCTGAACTCTATGAGAAGCTGCCGTTGGGCT 60
AL 0 T A 0 0 I
bns347 GAGGAACGCCGTACTGCGGGATGACCTGCGCTGAACTCTATGAGA-GAAACCACTCG--- &g

WT TCAGGCTGGAGAAACCACTGAACT 84

L0 TR T R
bns347 =---- CTGGAGAAACCACTGAACT 75

C Protein sequence

WT NVLVGENFVARIADFGLSRGQEVYVRRTMGRLPVRWMAIESLNYSVYTTNSDVWSYGVLL 1019
bns347 NVLVGENEFVARKIADFGLSRGQEVYVERTMGRLPVRWMAIESLNYSVYTTNSDVWSYGVLL 1019

LA e e

WT WEVVSLGGTPYCGMTCAELYERASAEINLERPLNCDDEVYELMQQCWRERPFERPSFSQI 1079
bns347 WEVVSLGGTPYCGMTCAELYERNEEEEIL.EKPLNCDDEVYELMQQCWRERPFERPSFSQI 1076

e e ks el e b ol e e e o b e Ve B L R R R R R R R
WT LLSLGRMLEERRTYVNTTLYERFTYAGIDCSAEEAG 1115
bns347 LLSLGRMLEERRKTYVNTTLYERFTYAGIDCSAEEAG 1112

W e W e W e e W e e e W e e e e W e e vl e o e o e W e e e W W e e e e

Figure S1. tek®"s347 in-frame deletion is predicted to severely impair Tek function.

(A) The tek®3¥7 allele contains a 19 bp deletion (AGCTGCCGTTGGGCTTCAG) and a 10 bp
insertion (GAAACCACTC) in exon 21, resulting in K1042R, L1043N, P1044 G1046 deletion,
F1047H and R1048S in the TK domain; PROVEAN analysis indicates that this lesion is overall
deleterious. (B) tek®3 in-frame deletion as revealed by Sanger sequencing (partial sequence of

exon 21 shown). (C) Amino acid sequence alignment of WT and Tek®"*# proteins.
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A tek (ENSDARG00000028663; Chromosome 5: 480,119-496,600)
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Variant PROVEAN Score Prediction (Cutoff= -2.5)
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G Protein sequence

WT
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Figure S2. Genotyping the tek?3% RNA-less allele and the tek®™s*! 5°UTR deletion allele,

and location of relevant primers.

(A) tek locus based on Ensembl annotation and schematic positioning of the genotyping and RT-
PCR primers (arrows), the MOs (bold solid lines), and the deletions (dashed lines). (B)
Genotyping the tek®s3%° RNA-less allele with different PCR primer sets to identify WT and
mutant bands. (C) Genotyping the tek®™*? 5°UTR deletion allele by PCR. (D) Deletion in the
tekP"s3%° RN A-less allele as revealed by Sanger sequencing. (E) Deletion in the tek®™*! allele as
revealed by Sanger sequencing. (F) The tek®™** allele contains a 261 bp deletion, resulting in
M1_W16 deletion; PROVEAN analysis indicates that this lesion is overall neutral. (G) Amino
acid sequence alignment of WT and Tek®"%%! proteins.
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Figure S3. No obvious phenotypes in adult hearts of tek?™3%° RNA-less mutants.

(A, B) Brightfield images of dissected hearts from 7 mpf +/+ siblings (A) and tekPns399/bns399
animals (B). (C, D) Fluorescent images of coronary vessels in dissected hearts from 7 mpf
Tg(flila:EGFP) +/+ siblings (C) and tek®"s3990ns39 animals (D). Scale bars: 500 pm. (E-H)
Sections of dissected hearts from 7 mpf +/+ siblings (E, G) and tekPs3%%ns3%9 gnimals (F, H).
Endothelial cells immunostained with anti-GFP (magenta), cardiomyocytes with anti-MHC
antibody (green), and nuclei counterstained with DAPI (blue). (G, H) Magnified figures of red-

boxed areas in panels E and F, respectively. Scale bars: 200 pm.
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Figure S4. Embryonic expression of tek is highly enriched in endothelial cells.

(A) Overview of zebrafish tek expression in the single cell RNA-Seq dataset from the Klein lab
(https://kleintools.hms.harvard.edu/paper_websites/wagner_zebrafish_timecourse2018/mainpage
.html). tek positive cells are highlighted in green. (B) Magnified figure of the red boxed
endothelial cell group from panel A, showing an overview of the zebrafish single cell RNA-Seq

data at different time points. (C) tek expression is endothelial cell enriched.

[
o
-

©

£

o
qg
£

o)

|

©
i)

[

()

S
Q

Q

Q

3
wn

L]
e

C

()

£

Q
ko)

()

>

()
o



Development: doi:10.1242/dev.193029: Supplementary information

A Tg(fli 1a:EGFP) 12's
A B s te k+/+ te k bns347/+ D te kbns347/bns347
1’ :

P 5 i g i
PLM / J

Untreated

24 hpf Tg(ﬂl1a EGFP)

bns347/+ bns347/+

tek

tek

24 hpf Tg(fli1a: EGFP)
bns347/bns347

G - ~ tek O tek

Tq(fli1a:EGFP)
24 hpf
H P=0.2792 L 24 hpf
: : 1500- . P=0.8273 '
| P=0.3923 = P=09060 I |
1500+ F L) % | P=0.9674 P=0.5675
. e = F i /
o £ 10004 |
3 Ogza® &
S 1000 ° 'E% _ﬁ— g L =
= By A =] —Aye— —$
> = A 2 ..I
5 S 5001 X
S 5001 [7)
@
n. c ] ] T
v L} T T X «
3 '\\x '5‘\ x\ s\\ 'bh
> W & o
o sl\\‘o Y '5‘\
& &
N 9

[
o
-

(]

£

o
qg
£

o)

|

(o]
-+

C

()

S
Q

Q

Q

=}
wn

L]
-

C

(O}

£

Q
o

()

>

()
o



Development: doi:10.1242/dev.193029: Supplementary information

Figure S5. No obvious phenotypes in tek?37 in-frame deletion mutants at early or late

stages.

(A) Schematic representation of the posterior lateral plate mesoderm (PLM). (B-D) Dorsal
views of the PLM in tek®347/* incrossed embryos at the 12 somite-stage. (E-G) Lateral views of
trunk vessels in 24 hpf tek®347"* incrossed embryos. (H) Total length of 14 ISVs above the yolk
extension in 24 hpf tek®347"* incrossed embryos. (I-K) Lateral views of trunk vessels in 24 hpf
tek"$347* incrossed embryos heat-shocked (HS) at 10 and 22 hpf for 1 hour. (L) Total length of
14 1SVs above the yolk extension in 24 hpf tek®%*"* incrossed embryos heat-shocked at 10 and
22 hpf for 1 hour. In panels H and L, error bars represent means = SD (by one-way analysis of
variance (ANOVA) followed by Tukey’s HSD test). Scale bars: 200 pm.
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Figure S6. No obvious phenotypes in tek?3%° RNA-less mutants at early or late stages.

(A) Schematic representation of the posterior lateral plate mesoderm (PLM). (B-D) Dorsal
views of the PLM in tek®s3%* incrossed embryos at the 10 somite-stage. (E-G) Lateral views of
trunk vessels in 24 hpf tek®s3%%* incrossed embryos. (H) Total length of 10 ISVs above the yolk
extension in 24 hpf tek®3%* incrossed embryos. (I-K) Lateral views of trunk vessels in 24 hpf
tekP™%99* incrossed embryos heat-shocked (HS) at 10 and 22 hpf for 1 hour. (L) Total length of
10 1SVs above the yolk extension in 24 hpf tek®%%"* incrossed embryos heat-shocked at 10 and
22 hpf for 1 hour. In panels H and L, error bars represent means = SD (by one-way analysis of
variance (ANOVA) followed by Tukey’s HSD test). Scale bars: 200 pum.
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Figure S7. No obvious phenotypes in tek®%° RNA-less mutants at early or late stages.

(A) Schematic representation of the posterior lateral plate mesoderm (PLM). (B-D) Dorsal
views of the PLM in tek®s*%%* incrossed embryos at the 12 somite-stage. (E-G) Lateral views of
trunk vessels in 24 hpf tek®*%%* incrossed embryos. (H) Total length of 10 ISVs above the yolk
extension in 24 hpf tek®4%%* incrossed embryos. (I-K) Lateral views of the head vasculature in
48 hpf tek™*%9"* incrossed embryos. Red dashed lines outline the CCV. (I’-K’) Lateral views of
the head vessels in 48 hpf tek®s*?%* incrossed embryos. Yellow arrowheads point to CtAs. (L)
CCV area in 48 hpf tek®*%%* incrossed embryos. (M) CtA numbers in tek®™*%"* incrossed
embryos at 48 hpf. CtA: Central Artery; CCV: Common Cardinal Vein. In panels H, L and M,
error bars represent means x+ SD (by one-way analysis of variance (ANOVA) followed by
Tukey’s HSD test). Scale bars: 200 pm.
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Figure S8. No obvious blood-related phenotypes in tek?™s3% RNA-less mutants.

(A, B) Ventral views of erythrocytes in 48 hpf +/+ siblings (A) and tekP"s399/015399 empryos (B)
stained with O-Dianisidine. (C) runx1 and cmyb mRNA levels in tekP's390n39 mytants when
compared to their corresponding +/+ siblings at 24 hpf. (D) Heart rate in 7 mpf tekbns399/ons3%9

mutants when compared to their corresponding +/+ siblings. Scale bar: 100 um.
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Figure S9. tiel does not appear to compensate for the loss of Tek function.

(A) tek MRNA levels in teku1667/muls67 mytants when compared to their +/+ siblings at 24 hpf.

(B-E) Expression of tek (B, C) and tiel (D, E), as detected

by wholemount in situ hybridization,

in 24 hpf tek™1%7"* incrossed embryos. (F) tiel mMRNA and pre-mRNA levels in tek ATG1

morphants when compared to control morphants at 24 hpf.

In panel A, error bars represent

means = SD (by Mann-Whitney U test). In panel F, error bars represent means + SD (by Two-
way analysis of variance (ANOVA) followed by Tukey’s HSD test). Scale bars: 500 pum.
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Figure S10. Phylogenetic profile of TEK and TIE1 on a species level resolution.

A dot represents the detection of an ortholog to human TEK or TIE1 in the corresponding
species. Inner green circles indicate the presence of co-orthologs to the human protein where the
size of the circle represents the number of co-orthologs. Dot colour and cell colour represent the
feature architecture similarity score between two orthologs using the human protein (dot colour)
and the ortholog (cell colour) as reference, respectively. The data underlying this plot are

available in supplementary file 2.
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Figure S11. Gene order around the Tek locus in various species.

PhyloView representation of TEK in the human genome and its orthologs in other genomes.
TEK and its orthologs are positioned in the centre aligned with their neighbouring genes in
various genomes. Genes of the same colour represent orthologs. The location of ift74 (marked
in red), as a direct upstream neighbour of tek in the zebrafish genome, is widely conserved

amongst different vertebrate species.
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Figure S12. Genomic region distal to ift74 in fugu.

ift74 is located to the far right of the plot (ENSTRUT00000052707). Downstream of ift74, in the
direction of its transcription, five additional genes are annotated, none of which resembles a Tek-
like gene. Only very few and small assembly gaps exist in this region (black blocks), and most
of them overlap with other annotated genes. These data suggest that the absence of Tek in this
species cannot be explained by an assembly artefact. The data shown represent the UCSC
Genome Browser on the Fugu Oct. 2011 (FUGUS5/fr3) Assembly (https://genome.ucsc.edu).
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Figure S13. Phylogenetic profile of Angiopoietin-1 and Angiopoietin-2 on a species level

resolution.

A dot represents the detection of an ortholog to human Angiopoietin-1 or Angiopoietin-2 in the
corresponding species. Inner green circles indicate the presence of co-orthologs to the human
protein where the size of the circle represents the number of co-orthologs. Dot colour and cell
colour represent the feature architecture similarity score between two orthologs using the human
protein (dot colour) and the ortholog (cell colour) as reference, respectively. The data underlying

this plot are available in supplementary file 2.
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Figure S14. Protein feature architecture of the TIE family receptors has changed on the

mammalian lineage.

(A) Schematic representation of human TIE1 protein feature architecture. (B) Comparison of
protein feature architecture between mammalian and non-mammalian TIE1 orthologs reveals
that mammalian TIE1 harbours a proline and glycine-rich N-terminus (corresponding features
are highlighted with red lines). (C) Schematic representation of human TEK protein feature
architecture. (D) Schematic representation of zebrafish Tek protein feature architecture. (E)
Comparison of feature architecture between mammalian and non-mammalian TEK orthologs
reveals that mammalian TEK has a unique 1g2 domain architecture (corresponding features are
highlighted with red lines). In panels A, C and D, the numbers next to each protein feature
represent the weight of the respective features during scoring of the feature architecture
similarity. In the case of overlapping PFAM and SMART domains, we selected the domain that
maximizes the similarity score between the two proteins; the weight of the corresponding

features was set to ‘N.A.’. IPP: Feature instances per protein.
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Table S1.

Click here to Download Table S1
Table S2.

Click here to Download Table S2
Table S3.

Click here to Download Table S3
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Movie 1. fin blood flow in WT
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Movie 2. fin blood flow in mutant
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Movie 3. heartbeat in WT
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Movie 4. heartbeat in mutant
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