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Abstract

The amino acid response (AAR) and unfolded protein response (UPR) pathways converge on elF2a phosphorylation,
which is catalyzed by Gen2 and Perk, respectively, under different stresses. This close interconnection makes it difficult
to specify different functions of AAR and UPR. Here, we generated a zebrafish model in which loss of threonyl-tRNA
synthetase (Tars) induces angiogenesis dependent on Tars aminoacylation activity. Comparative transcriptome analysis
of the tars-mutant and wild-type embryos with/without Gecn2- or Perk-inhibition reveals that only Gecn2-mediated AAR
is activated in the tars-mutants, whereas Perk functions predominantly in normal development. Mechanistic analysis
shows that, while a considerable amount of elF2a is normally phosphorylated by Perk, the loss of Tars causes an
accumulation of uncharged tRNA™, which in turn activates Gen2, leading to phosphorylation of an extra amount of
elF2a. The partial switchover of kinases for elF2a largely overwhelms the functions of Perk in normal development.
Interestingly, although inhibition of Gcn2 and Perk in this stress condition both can reduce the elF2a phosphorylation
levels, their functional consequences in the regulation of target genes and in the rescue of the angiogenic phenotypes
are dramatically different. Indeed, genetic and pharmacological manipulations of these pathways validate that the
Gen2-mediated AAR, but not the Perk-mediated UPR, is required for tars-deficiency induced angiogenesis. Thus, the
interconnected AAR and UPR pathways differentially regulate angiogenesis through selective functions and mutual
competitions, reflecting the specificity and efficiency of multiple stress response pathways that evolve integrally to
enable an organism to sense/respond precisely to various types of stresses.

Introduction

Stress-induced angiogenesis contributes enormously to
both normal development and pathogenesis of various
diseases including cancer, metabolic, and cardiovascular
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disorders’. Among many stress response pathways
implicated in the regulation of angiogenesis, the amino
acid response (AAR)> and unfolded protein response
(UPR) pathways®>* are closely interconnected, as they
converge on the common target, eukaryotic initiation
factor 2 subunit o (eIF2a), the key regulator of protein
translation®. Two kinases, general control non-
derepressible 2 (Gcn2; also known as Eif2ak4)’™® and
protein kinase R-like endoplasmic reticulum (ER) kinase
(Perk; also known as Eif2ak3)'®'!, are responsible for
transducing signals from AAR and UPR, respectively, to
cause elF2a phosphorylation. Furthermore, elF2a can also
be phosphorylated by a heme-regulated translational
inhibitor (Hri; also known as Eif2akl)'*'® and protein
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kinase RNA-activated (Pkr; also known as Eif2ak2)'*'?,

which respectively respond to the heme deprivation and
viral infection stresses, adding dimensions of complexity
to these regulatory mechanisms. All these stress response
pathways have been referred to as the integrated stress
response'®'”. While it is possible that the cells/organisms
can respond differentially to the diverse stresses, for
example, by distinguishing which phosphorylated elF2a is
catalyzed by which kinase, clear evidence for this speci-
ficity remains to be seen. Thus, even though numerous
insightful studies have been conducted, such a close
interconnection between AAR and UPR makes it difficult
to clearly distinguish their different contributions in
angiogenesis.

As a major translation regulatory mechanism, the stress-
induced elF2a phosphorylation leads to reduced global
translation initiation coincident with the preferential
translation of the transcription factor activating transcrip-
tion factor 4 (ATF4)>°. The phosphorylation of eIF2«
prevents regeneration of the active form of the elF2 com-
plex, which controls translation initiation, and thereby
inhibits global translation on one hand. On the other hand,
the limited availability of functional elF2 complex facilitates
the selective translation of ATF4 through a ribosome re-
initiation mechanism coordinated by two upstream open
reading frames (UORFs) of the ATF4 mRNA'®, The upre-
gulated ATF4 plays important role in both AAR and UPR
by transcriptional regulation of a large number of target
genes that are associated with various physiological and
pathological functions including angiogenesis'*’.

The AAR and UPR pathways are evolved to sense and
respond to two different types of stresses, namely amino
acid starvation as nutritional stress and unfolded proteins
as a cellular endogenous stress, respectively*"**. There-
fore, although AAR and UPR share the common targets
el[F2a and the downstream translation regulatory
machinery, they must also exert unique functions possibly
through both overlapping and divergent mechanisms,
which could be reflected by their differentially regulated
target geneszz. Indeed, a previous study using an in situ
perfused mouse liver model has identified some differ-
entially regulated genes by Gen2 and Perk®, thus imply-
ing the possibility of distinguishing AAR and UPR initially
by comparing gene expression profiles. Nevertheless, a
systematic comparative study of AAR and UPR in a bio-
logical process such as angiogenesis is lacking.

In this study, we generated a zebrafish angiogenic model
harboring a loss-of-function mutation of the threonyl-tRNA
synthetase (tars) gene. Tars belongs to a family of evolu-
tionarily conserved enzymes, aminoacyl-tRNA synthetases
(aaRSs), which control the first step of protein translation
through coupling specific amino acids with their cognate
tRNAs?2°, Notably, several aaRSs have been implicated in
the regulation of angiogenesis, and some relevant
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phenotypes have been attributed to activation of UPR**® or
explained by noncanonical functions that are probably
associated with the splice variants of some aaRSs>"*,
However, the precise mechanism remains elusive, and it is
unclear whether AAR, which can be activated by uncharged
tRNAs**** and stalled ribosomes®"??, is also activated and,
if so, whether both AAR and UPR are required and to what
extent each of them contributes to this process. To compare
the role of AAR and UPR in tars-deficiency-induced
angiogenesis, we designed an approach combining com-
parative gene expression profiling and quantitative pheno-
type analysis of zebrafish embryos with different genotypes
and under specific treatments. These studies allowed us to
identify the different roles of AAR and UPR in stress-
induced angiogenesis.

Results
Angiogenic phenotypes of the tars mutants and
requirement of Tars aminoacylation activity

A zebrafish recessive mutant line with angiogenic phe-
notypes was generated in our N-ethyl-N-nitrosourea (ENU)
screening project as described previously’>**. Whole-
exosome sequencing of the family of this line identified
that its fars gene carries a C-to-A mutation that produces a
stop codon (TAA) after the residue serine 151 (S151% Fig.
1a). Ectopic expression of the fars mutant cDNA fused with
a Flag-tag at the N-terminus showed that it only encoded a
truncated protein (Supplementary Fig. S1). This Tars
mutant protein should be nonfunctional because its major
domains responsible for tRNA-binding (second additional
domain; SAD), catalytic activity (core domain), and antic-
odon recognition (anticodon domain) are all deleted
(Fig. 1b). This tars mutant line was crossed with the Tg(flkI:
EGFP) transgenic line®® to visualize blood vessels in vivo.
Although the tars S151* homozygous mutation made
tars”'~ zebrafish lethal at around 6 days-post-fertilization
(dpf), the angiogenic phenotypes of the tars '~ embryos
were evident after 48 hours-post-fertilization (hpf), as their
intersomitic vessels (ISVs) exhibited frequent ectopic
branching, especially in the dorsal portion (Fig. 1c), sug-
gesting a defect in vascular patterning®. Quantification of
the frequency of the ectopic branch points per ISV
showed a statistically significant difference between the
tars”'~ and the sibling embryos (Fig. 1d). Abnormal bran-
ches were also clearly observed in the hindbrain capillaries
(Fig. 1e), suggesting that the whole body rather than specific
organs/tissues contained the angiogenic defect. These
angiogenic phenotypes were faithfully recapitulated by a
morpholino-mediated knockdown of Tars (tars MO) in the
wild-type (WT) embryos (Fig. 1f, g).

To determine whether the aminoacylation activity of
Tars is critical for this function, we generated alanine-
mutations in either of two evolutionarily conserved resi-
dues in the aminoacylation activity site, namely arginine
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Fig. 1 Angiogenic phenotypes of the tars mutants and the requirement of Tars aminoacylation activity. a Sequencing results of the wild-type
(WT) and the tars mutated heterozygous (tars™~) and homozygous (tars~/~) zebrafish embryos. The arrow denotes the C-to-A nonsense mutation
that generates a premature stop codon after serine 151 (S151%). b Domain architecture of the Tars protein, showing the position of serine 151 (S157;
arrow), where the mutation-introduced stop codon predicts a deletion of the downstream SAD, core, and anticodon domains. Also shown is the
alignment of the amino acid sequences of a signature motif (motif 2) within the core domain. Two evolutionarily conserved residues, R437 and H459,
which are required for the aminoacylation activity and are directly involved in AMP and zinc binding, respectively, were chosen for functional studies.
The alignment includes Tars and its homologs (i.e, Tars2 and Tarsl2, etc) from humans (Hs, Homo sapiens), zebrafish (Dr, Danio rerio), yeast (Sc,
Saccharomyces cerevisiae), and enterobacterial (Ec, Escherichia coli). ¢ Confocal microscopy images of EGFP-labeled blood vessels in the trunk of the
WT and tars™'~ zebrafish embryos at 48 hpf. d Quantification and statistical analysis of the ectopic branch points per ISV of the tars™~ and sibling
embryos. e An abnormal increase of branches in the hindbrain capillaries of the tars™~ embryos compared with the siblings. Magnified views of the
dashed boxed regions are shown on the right. f Increased branch points in the ISVs caused by tars MO in WT embryos. In panels ¢, e, f, the arrows
denote ectopic branch points of the vessels. g Quantification and statistical analysis of the ectopic branch points per ISV of the control and Tars

compared with the WT Tars protein. j Rescue of the tars™/~

mMRNAs. Note that, for the tars™'~

ectopic branch points per ISV compared with the uninjected tars™

knockdown embryos. h Coomassie blue staining of WT and mutant zebrafish Tars proteins, which were purified with His-tag from E. coli. i
Aminoacylation activity assays with the purified proteins, showing the nearly abolished enzymatic activities of the R437A and H459A mutants
angiogenic phenotype by injection of the WT, but not the inactivation mutant, tars
embryos, injection of the WT tars mRNA, but not the R437A or H459A mutant mRNA, significantly reduced the
~ embryos (uninj). In contrast, for the WT embryos, injection of these WT, R437A,
and H459A mRNAs showed no effect on the ISVs compared to the uninjected controls. Also, note that the phenotypic rescue by the WT tars mRNA
was almost complete because quantification of the branch points of the injected embryos showed no difference compared with the WT embryos. In
panels d, g, i, j, data are presented as means + SD; two-tailed t-test; ***P < 0.001; n.s., not significant.

437 (R437) and histidine 459 (H459) (Fig. 1b), which
mediate the adenosine monophosphate (AMP) and zinc
binding, respectively’®. In vitro aminoacylation activity
assays with the purified WT and mutant Tars proteins
(Fig. 1h) showed that the R437A and H459A mutations
nearly abolished the aminoacylation activity of Tars
(Fig. 1i). Phenotypic rescue experiments by injection of
the WT or mutant tars mRNAs into the tars~'~ embryos
showed that, while the mutant angiogenic phenotypes
were completely suppressed by the WT Tars, the R437A
and H459A mutants could not rescue these phenotypes
(Fig. 1j). Thus, these results indicate that the function of
Tars in regulating angiogenesis is dependent on its ami-
noacylation activity.

Comparative transcriptome profiles reveal that the Gcn2-
mediated AAR, but not the Perk-mediated UPR, is activated
in the tars mutant embryos

The tars mutant zebrafish provides an ideal in vivo
model for dissecting the regulatory mechanism of the
stress-induced angiogenesis because of its advantages
including (i) direct visualization and quantification of
the angiogenic phenotypes, (ii) easy application of
genetic and pharmacological manipulations of the AAR
and UPR pathways, and (iii) plenty of material for gene
expression and proteomic analysis. We therefore
designed an approach to compare the AAR and UPR
pathways in the same experimental system by combin-
ing comparative transcriptome profiling and quantita-
tive phenotype analysis of the zebrafish embryos in both
normal and stress conditions (Fig. 2a). To this end, we
first performed RNA-seq analyses of the tars '~ and
sibling embryos, as well as those with knockdown of

either Gen2 or Perk by morpholinos in both genotypes.
Notably, the functional effects of these morpholinos
were validated based on similar phenotypes and mole-
cular features between the morpholino-injected
embryos and the genetic knockout lines (see below).
All the morpholinos used in this study were also either
verified by the GEFP-fusion reporter assay’  (Supple-
mentary Fig. S2) or reported in previously published
studies™***°, We found that the AAR-associated genes
were dramatically activated in the tars~/~ embryos (Fig.
2b; Supplementary Table S1). In contrast, the majority
of genes associated with the three UPR sub-pathways
(i.e., the Perk-, Irel-, and Atf6-mediated UPR path-
ways)® remained inactive, except for very few genes (e.g.,
atf3, atfialb, ddit3, asns, eif2sl, and igfbpl) that are
known to be shared between AAR and UPR*'~*® (Fig.
2c—e; Supplementary Tables S2-S4). These results
suggest that AAR, but not UPR, is activated in the
tars~'~ embryos. In support of this notion, knockdown
of the AAR-associated kinase Gcn2 in tars™'~ largely
repressed the activated genes, whereas the Perk knock-
down showed very little effect (Fig. 2b—e). Principal
component analysis (PCA) of gene expression results
also showed that knockdown of Gcn2, but not Perk,
almost reversed the PC1 score of tars™ '~ back to that of
the siblings (Fig. 2f), reflecting a rescue of a large por-
tion of gene expression variances. Furthermore, overall
gene set enrichment analysis (GSEA) of the RNA-seq
data and RT-qPCR validations of representative genes
indicated that the upregulated genes in tars '~ were
extremely enriched in the genes associated with AAR
and tRNA aminoacylation and that this enrichment was
largely reversed by knockdown of Gcn2, but not Perk
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(Fig. 2g, h). The observation that several of the upre-
~ were reversed incompletely to
the basal level by Gen2 knockdown (Fig. 2b, ¢, e, h) may
reflect partial induction of other eIF2a phosphorylation-
independent (e.g., p53) pathways, which may also

gulated genes in tars™’

regulate some of these genes*°. In support of this
possibility, our results showed that some p53 target
genes such as cdknla and gadd45aa/b were upregulated
in the Gen2 knockdown tars™'~, as well as the Perk
knockdown normal embryos (Fig. 2b).
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Fig. 2 Differential and combinatorial regulation of the AAR- and UPR-associated genes by functional loss of Tars, Gecn2, or Perk. a
Schematic overview of study design. Both AAR and UPR may regulate the angiogenic phenotypes induced by deficiency of aminoacyl-tRNA
synthetases (aaRSs). To distinguish between them, the proposed experimental strategies (in red boxes) were based on the tars mutant and the
siblings; knockdown (KD), knockout (KO), and pharmacological inhibition of Gen2 and Perk were used, and systematic gene expression profiling of
the zebrafish embryos with various genotypes and treatments was performed. b—e Hierarchical clusters and heatmaps of the expression levels of the
genes in the AAR gene set (b) and in the Perk-, Ire1-, and Atf6-mediated UPR gene sets (c-e). The data were produced by RNA-seq analyses of 36 hpf
homozygous tars-mutated (tars™'7) embryos and their siblings from the same litters (sibling) that were treated with indicated morpholino (MO). The
gene symbols written in red are known to be involved in AAR, even though some of them are also listed in the UPR gene sets (for further information
and references, see Supplementary Tables $1-54). The color bar indicates relative expression levels. Note that the upregulated genes in tars™'~
mostly fall into the AAR category (written in red), whereas the UPR genes are largely unchanged, except for those shared in both pathways. f PCA of
the AAR- and UPR-associated genes of the tars™~ (triangles) and siblings (circles) treated with gcn2 MO (red) or perk MO (green), compared with the

the AAR and tRNA aminoacylation genes in the tars ™/~

representative genes that are activated in the tars ™/~

0.001 (not shown).

control groups (black), respectively. Note that gcn2 MO, but not perk MO, significantly reversed the major component (PC1) score of tars
the perk MO only altered the PC2 score of the siblings but has a very subtle effect on the tars-mutants. g GSEA results showing strong enrichments of
embryos, which can be reversed by gen2 MO but not perk MO. h RT-gPCR analysis of the
embryos and are downregulated by gcn2 MO. Data are presented as means + SD of triplicate
reactions. ***P < 0.001; **P < 0.01; *P < 0.05. The P values for the increased expression of all these genes in tars

=/~ , whereas

~/~ relative to the siblings are less than

Perk functions predominantly in normal development but
its function might be overwhelmed by the stress-induced
activation of Gen2

In contrast to the apparently dispensable role of Perk in
tars”'~, knockdown of Perk in normal (ie., the sibling)
embryos led to a significant gene expression alteration. As
shown in the PCA results, knockdown of Perk in the sib-
lings, but not in the tars /= embryos, caused a dramatic
shift of the PC2 score (Fig. 2f, indicated by dotted ovals),
suggesting that PC2 accounts for expression variance of the
genes associated with Perk function in normal develop-
ment. We further compared the gene expression profiles of
different types of embryos and paid attention to the genes
associated with RNA degradation because the Perk-
mediated UPR had been specifically implicated in the reg-
ulation of nonsense-mediated mRNA decay”’. Indeed, our
GSEA results showed that: (i) the KEGG_RNA_DE-
GRADATION gene set was significantly enriched in the
upregulated genes by Perk knockdown in normal embryos
(Supplementary Fig. S3a, left), whereas Gcn2 knockdown
(Supplementary Fig. S3a, middle) or tars knockout (Sup-
plementary Fig. S3a, right) showed no significant enrich-
ment; and (ii) when the Perk knockdown was performed in
tars”'~, the enrichment of this gene set was completely
abolished (Supplementary Fig. S3b). These results suggest
that Perk mainly functions in homeostatic states (i.e., nor-
mal embryos) but, in the stress condition (ie., tars '~
embryos) its function might be largely overwhelmed by
activation of the Gen2-mediated AAR.

Selective activation of Gen2 or Perk leading to functionally
distinct elF2a phosphorylation

We then set out to clarify the mechanisms underlying the
activation of Gen2 in the tars™'~ embryos and the different
gene-regulating functions of Gen2 and Perk in different
conditions. Although the stimuli for Gcn2 activation in

higher eukaryotes has still been under debate®®, previous
yeast studies provide strong evidence that uncharged tRNAs
can directly bind to, and activate, Gen2%3°, We reasoned
that the fars deficiency could cause accumulation of
uncharged tRNA™ due to insufficient tRNA™" threonyla-
tion. To test this possibility, we isolated the total tRNAs from
the tars™'~ and sibling embryos and subjected them to an
acid polyacrylamide/urea gel system to separate the ami-
noacylated (charged) and uncharged tRNAs, followed by
Northern blot to distinguish the different tRNAs. As a result,
a significant increase of uncharged tRNA™ (including the
tRNA™™ (AGU/CGU) and tRNA™ (UGU) isoacceptors)
was detected in the tars™/~ embryos compared with the
siblings (Fig. 3a). In contrast, as a negative control, the
aminoacylation ratio for tRNAY(GCC) was not changed
(Fig. 3a). These results indicated that the loss of Tars speci-
fically reduced the aminoacylation of tRNA™, but not other
tRNA isoacceptors. However, it was clear that this threony-
lation was not completely blocked, probably because
homologous proteins of Tars (e.g, Tars2 and Tarsl2) still
exist and they may compensate for this reaction to a certain
extent.

Consistent with the accumulation of uncharged
tRNA™ in tars”'~ embryos, as well as the above-
described gene expression patterns, our immunoblot
analysis indeed showed that the elF2a phosphorylation in
tars™'~ embryos were significantly increased and that this
increase was substantially suppressed by knockdown of
Gen2 (Fig. 3b). Notably, the total protein level of elF2a
was also increased upon Gen2 activation (Fig. 3b), which
in fact was caused by an upregulation of the elF2a mRNA
(see below for further analysis). Meanwhile, this analysis
also showed that the normal embryos had a considerable
“basal” level of elF2a phosphorylation, which was not
decreased by Gen2 knockdown (Fig. 3b), suggesting that
the basal elF2a phosphorylation was catalyzed by other
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Fig. 3 Selective activation of Gecn2 and Perk in stress condition and normal development. a Northern blot results showing the increased
uncharged tRNA™ in the tars™'~ embryos compared with the siblings. Charged and uncharged tRNAs (upper and lower bands, respectively) were
separated in an acid polyacrylamide/urea gel system; the three types of tRNA™ were hybridized with specific probes that could recognize
tRNA™(AGU/CGU) or tRNA™(UGU). The tRNASY(GCC) was used as a negative control. Deacylated tRNAs (DA) were used to mark the migration
position of the uncharged tRNAs on the gels. b, ¢ Immunoblot analysis of the phosphorylated elF2a (p-elF2a) and total elF2a upon morpholino-
mediated knockdown of Gen2 or Perk in the WT and tars™/~ embryos. B-actin was used as the loading control. Note that gcn2 MO and perk MO
reduced the phosphorylated elF2a in the tars '~ embryos to a comparable extent, whereas only perk MO reduced the elF2a phosphorylation in the
WT embryos. d Expression levels of the mRNAs of the two zebrafish elF2a-coding genes, eif2s1a and eif2s1b, in the embryos of indicated genotypes.
Presented are fragments per kilobase per million mapped reads (FPKM) values from RNA-seq data. Note that eif2s1b is upregulated in the tars™/~
embryos, which explains the accordingly increased protein levels as indicated by the immunoblot results. e Immunoblot analysis of the
phosphorylated and total elF2a level in the gene knockout embryos, which were produced by crossing the indicated mutant lines. Each sample was
loaded in a 3-fold serial dilution to facilitate quantification. Note that the basal level of p-elF2a was hardly detectable in the perk™’~ “normal” (sibling)

embryos (lanes 13-15), and that the p-elF2a in the gcn2 ™'~ tars™’
(compare lanes 7-12 with 1-6).

~ embryos was decreased, but not eliminated, compared with the tars™~ embryos

kinase(s). Indeed, knockdown of Perk, but not Gen2, in
the normal embryos eliminated this basal elF2a phos-
phorylation (Fig. 3¢), thus further supporting the idea that
Perk functions predominantly in normal development.
As mentioned above, besides these regulations at the
protein phosphorylation level, we observed an upregula-
tion of the mRNA of eif2s1b (the major eIlF2a-coding gene
of zebrafish) (Fig. 3d), which explained the increase of
total elF2a protein in the tars '~ embryos (Fig. 3b—d). As
the upregulation of both mRNA and protein of elF2a
could be largely suppressed by knockdown of Gcn2, but
not Perk (Fig. 3b, d), it was very likely that eif2s1b was one
of the target genes of Gen2-mediated AAR and, therefore,
that elF2a upregulation served as a secondary event upon
Gcen?2 activation. To examine whether the increase of total
elF2a per se was sufficient to cause the angiogenic phe-
notypes, we overexpressed elF2a by injecting eif2sla or
eif2s1b mRNAs into the embryos (Supplementary Fig. 4a).
The results showed that this e[F2a overexpression had no
effect on the overall elF2a phosphorylation or the

angiogenic development (Supplementary Fig. 4b, c). On
the other hand, knockdown of eIlF2a by morpholinos of
eif2sla and eif2s1b in the tars”'~ embryos very slightly,
albeit not significantly, affected the angiogenesis (Sup-
plementary Fig. 4d—f). Thus, these results suggest that the
angiogenic phenotypes are not exactly dependent on the
total elF2a protein level or its overall phosphorylation,
but on which kinase(s) were catalyzing the phosphoryla-
tion of the proper elF2a molecules.

Of note, these changes of elF2a phosphorylation could
be well-validated in gene knockout zebrafish lines. For
example, immunoblot analysis of the perk '~ and gcn2 '~
embryos, as well as those produced by breeding them with
the tars mutants, showed that the elF2a phosphorylation
level was dramatically decreased in the perk '~ embryos
with WT tars (Fig. 3e; Supplementary Fig. S5), while gcn2
knockout reduced, but not eliminated, the elF2a phos-
phorylation in the tars~’~ embryos (Fig. 3e). Interestingly,
these results also indicated that in the tars™/~ embryos,
Gcen2 and Perk knockdown/knockout both reduced elF2a
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phosphorylation to a comparable extent (Fig. 3b, ¢; and
see Supplementary Fig. S6 for serial dilution immunoblot
analysis); however, they showed dramatically different
phenotypes and gene alterations, thus suggesting that the
phosphorylated elF2a molecules catalyzed by the different
kinases should be functionally distinct.

Functional requirement of AAR, but not UPR, for the tars-
deficiency-induced angiogenesis

Given that the gene expression analysis indicated the
activation of AAR, but not UPR, in the tars '~ embryos,
we next investigated whether the activated AAR was
functionally required for the mutant angiogenic pheno-
types and whether UPR, albeit at a basic level, could also
contribute to the phenotypes. To address these questions,
we first performed morpholino-mediated knockdown of
Gen2 or Perk in the tars™’~ and sibling embryos and
quantitively analyzed their blood vessels that were labeled
with the flkl promoter-driven EGFP. The results showed
that knockdown of Gcen2, but not Perk, in the fars™'~
embryos reduced the vessel branch points to a level
similar to that in the siblings (Fig. 4a, b), indicating rescue
of the angiogenesis from the mutant phenotypes. Mean-
while, crossing the tars mutants with gcn2™'~ or perk™'~
lines showed that, only in the absence of gcn2, the tars
deficiency failed to induce abnormal angiogenesis
(Fig. 4c).

Consistent with this genetic analysis, pharmacological
inhibition of Gen2 by specific inhibitors GCN2-IN-1*
or GCN2iB*® significantly rescued the angiogenesis
as well (Fig. 4d), whereas inhibition of Perk by
GSK2656157°" showed no rescue (Fig. 4€). Furthermore,
as 4-phenylbutyrate (4-PBA) had been shown to act as a
chemical chaperone to suppress UPR in various condi-
tions®>*%, we used 4-PBA to attenuate remaining UPR
activities, if any, in the tars~'~ and sibling embryos, and
the results showed that the 4-BPA treatment could
neither rescue the angiogenesis in the tars '~ nor cause
abnormalities in the blood vessels of the sibling embryos
(Fig. 4f). Thus, these results indicate that AAR, but not
UPR, is functionally required for the mutant angiogenic
phenotypes.

Furthermore, besides analyzing Gen2 and Perk, we also
used the same approach to examine whether the two
other elF2a kinases, Hri and Pkr, could play an important
role in the angiogenic phenotypes of the tars ™'~ embryos.
Efficiencies of the morpholino-mediated knockdown of
Hri and Pkr were validated by the GFP-fusion reporter
assay (Supplementary Fig. S2c, d). The results showed that
knockdown of Hri or Pkr could not rescue the angio-
genesis in the tars '~ embryos (Supplementary Fig. S7a,
b). These results suggest that Hri and Pkr either cannot be
activated in this stress condition, or their activities, if any,
cannot be transduced to the angiogenesis-regulating
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mechanisms. Indeed, unlike Gcn2 and Perk as global
regulators of cellular stresses, Hri and Pkr exert relatively
restricted functions in erythroid cells and immune sys-
tems, respectivelyé. Thus, the direct comparison of the
four elF2a kinases in the same system further confirms
the necessary and sufficient role of the Gcn2-mediated
AAR in tars-deficiency-induced angiogenesis.

The tars-deficiency-induced angiogenesis is dependent on
the Atf4-Vegfa axis and the ribosome re-initiation
mechanism of Atf4 translational regulation

Considering that a possible mechanism underlying the
tars-deficiency-induced angiogenesis is that the tars
deficiency may decrease the global protein translation
level, we first determined this effect by the O-propargyl-
puromycin (OP-puro) incorporation assay’**°, in which
the OP-puro is incorporated into the nascent proteins
in vivo and then can be measured by flow cytometry.
Inhibition of protein translation by cycloheximide (CHX)
was used as a control in detecting the different OP-puro
incorporation levels (Supplementary Fig. S8a). Our results
showed that the tars deficiency caused a very slight
decrease in the protein translation level (Supplementary
Fig. S8b). However, inhibition of protein translation with
CHX in zebrafish embryos failed to induce increased
branches of blood vessels (data not shown), which is
consistent with several previous studies involving similar
experiments®®~>®, Thus, these results suggest that the
angiogenic phenotypes in the fars mutants are not caused
by the decrease in global protein translation.

To further delineate the role of the downstream portion
of the AAR pathway in the induced angiogenesis by tars
deficiency, we performed morpholino-mediated knock-
down of several major factors downstream of elF2a,
including Atf4 and Vegfa, in the tars '~ and sibling
embryos. Meanwhile, as technical complements, a
CRISPR interference (CRISPRi)* of Atf4 and a pharma-
cological inhibition of Vegfa were also performed. The
morpholino-mediated knockdown and CRISPRi of Atf4
(encoded by the atf4a and atf4b homologous genes in
zebrafish) both rescued the mutant angiogenic pheno-
types (Supplementary Fig. S9). Although zebrafish Vegfa
is also encoded by two homologous genes, namely vegfaa
and vegfab, it has been known that only vegfaa plays an
essential role in regulating embryonic angiogenesis®’. Our
vegfaa morpholino-injected embryos recapitulated the
phenotype of the vegfaa knockout line®, as they showed
inhibition of ISV growth, which was dependent on the
dosage of vegfaa morpholino (Supplementary Fig. S10a).
Nonetheless, injection of a relatively lower dosage of
vegfaa morpholino, while incapable of affecting ISV
growth, could reduce the ectopic branch points per ISV in
the fars mutant embryos (Supplementary Fig. S10b).
Consistent with these results, the pharmacological
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Fig. 4 Genetic and pharmacological inhibition of AAR, but not UPR, suppresses the tars-deficiency-induced angiogenesis. a, b
Quantification and statistical analysis of the ectopic branch points per ISV of the tars ™~ and sibling embryos that were treated with gcn2 MO or perk
MO. ¢ Knockout of gen2, but not perk, suppressed the tars-deficiency-induced angiogenesis. The embryos were produced by self-cross of
gen2~"tarst'~ or perk ™’ "tars™~ lines, and the tars™'~ ones were compared with their siblings in the same litter. d Pharmacological inhibition of
Gen2 by GEN2-IN-1 and GCN2iB significantly suppressed the angiogenic phenotypes of the tars™~ embryos. e Inhibition of Perk by Perk-specific
inhibitor GSK2656157 showed no significant rescue effect on the angiogenetic phenotypes. f Attenuation of UPR by 4-phenylbutyrate (4-PBA) could
not rescue the angiogenetic phenotypes. In panels d-f, the solvents DMSO and H,O were applied as negative controls, respectively. In the statistical

analyses, data are presented as means + SD; two-tailed t-test; ***P < 0.001; n.s., not significant.

inhibition of the Vegf receptor by the chemical SU5416
(also known as Semaxanib)®" also led to a dramatic rescue
of the mutant phenotypes (Supplementary Fig. S10c).
Thus, these results collectively suggest that the Atf4-
Vegfa axis acts as a major effector of AAR in the reg-
ulation of angiogenesis.

We also determined whether the important role of
Atfda/b in this regulation was associated with their
translational control mediated by eIlF2«a phosphorylation.
Notably, a comparison of the human ATF4 and the zeb-
rafish atf4a and atf4b mRNAs showed evolutionary con-
servation of their 5’ translational regulatory regions,
especially the two upstream ORFs (i.e., the positive-acting
uORFI and the inhibitory #ORF2) that have been shown
to regulate ATF4 translation through an elF2a
phosphorylation-dependent  re-initiation mechanism'®
(Fig. 5a). To test this mechanism and to assess the
translational initiation activities of the atf4a and atf4b
mRNAs in vivo, we employed the uORF reporter assay'®
by cloning the zebrafish atf4a and atf4b uORF regions

into an EGFP reporter vector and generated Tol2
transposase-mediated transgenic zebrafish®”. The results
indicated that the Atf4a/b translation levels were indeed
enhanced in the tars™’~ embryos relative to the siblings
and that this enhancement could be dramatically inhibited
by the knockout of gcn2, but not perk (Fig. 5b). Similarly,
the Gen2 inhibitor GCN2-IN-1 could also exert this effect
(Supplementary Fig. S11a, b). The notable somite/muscle-
enriched expression pattern of the reporter in the trunk,
as well as those in the brain, are reminiscent of the
expression pattern of tars in the developing trunk and
brain of the embryos at these stages®. Furthermore, this
pattern may also be relevant to the previously established
important role of the somite-expressed Vegfa® in reg-
ulating angiogenesis (and hematopoiesis occurring in the
arteries) possibly through paracrine and concentration
gradient mechanisms®*®>~’, Lastly, as a validation of the
regulatory mechanism, mutation of the start codon (ATG)
to AGG in uORFI inhibited the AAR-dependent atf4a/b-
EGFP expression, likely because of the increased usage of
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Fig. 5 The tars-deficiency-induced angiogenesis is dependent on the ribosome re-initiation mechanism of Atf4 translational regulation. a
An alignment of the sequences of the translational regulatory regions of human ATF4 and zebrafish atf4a and atf4b, showing the highly conserved
upstream open reading frames (UORF1 and uORF2; red boxes) and coding ORFs (green box). These regions of zebrafish atf4a and atf4b were cloned
into the reporter vectors, and their coding ORFs were fused with the ORF of EGFP. b Fluorescence microscopy images showing the enhanced
expression (i.e, translation) levels of the atf4a- and atf4b-EGFP fusion ORFs (red arrows) in the truck and head of tars™'~ embryos, which were
inhibited by the knockout of gcn2, but not perk. The Tol2 transposase-based transgenic system containing a ubiquitin promoter (ubi:) was used to
drive the expression of the reporters. ¢ Mutation analysis of the zebrafish atf4a and atf4b uORFs for their elF2a phosphorylation-dependent
translational regulation. The start codon (ATG) of uORF1 or uORF2 was mutated into AGG. The expression levels of the WT and uORF1- and uORF2-
mutated (Mut) atf4a- and atf4b-EGFP reporters were demonstrated by representative fluorescence microscopy images. The lower panels present the
working model in which uORF1 can reduce the usage of the inhibitory uORF2, so that the uORF1 Mut eliminates the AAR-dependent upregulation of
atf4a/b expression, whereas the uORF2 Mut leads to an extremely high AAR-independent atf4a/b expression.

the inhibitory uORF2 (Fig. 5¢), and the ATG-to-AGG Discussion

mutation of uORF2 indeed led to a high level of AAR-
independent atf4a/b-EGFP expression (Fig. 5c). Thus,
these results provide important evidence and mechanistic
explanation for the role of the downstream events of AAR
in the tars-deficiency-induced angiogenesis.

In this study, we investigated a means to specify dif-
ferent roles of AAR and UPR in stress-induced angio-
genesis. Our results demonstrated that, despite being
closely interconnected and even sharing common down-
stream targets, AAR and UPR can be activated
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Fig. 6 A summary of the study and the working model for the selective and competitive functions of AAR and UPR pathways. The close
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has been assumptively attributed to activation of both pathways. While UPR has been addressed in previous studies, it is unclear whether AAR is also
activated and whether both are required in this process (left panel). We established that these highly interconnected pathways can be distinguished
in the herein-generated zebrafish angiogenic model that harbors a tars mutation, by using an approach combining systematic gene expression

profiling and quantitative phenotypic analysis upon a variety of genetic and pharmacological manipulations of these pathways (middle panel). We
found that AAR, but not UPR, is activated and is functionally required for the angiogenic phenotypes in the tars mutants (right panel). Notably, while
Perk-mediated UPR is inactive in the tars mutants, it plays an important role in normal development; however, the function of Perk is overwhelmed
by Gen2 in the stress condition, through competing for phosphorylation of their shared target, elF2a. The phosphorylated elF2a (p-elF2a) by Gecn2
and Perk can be distinguished by the cells/organisms (therefore illustrated in different colors) and thus regulate the partially overlapped AAR- and
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independently under distinct conditions and their down-
stream signals can be recognized and transduced differ-
entially in regulating cellular functions such as
angiogenesis, which is clearly demonstrated by the dra-
matically different transcriptome profiles and phenotypes
(Fig. 6). This notion reflects the specificity and efficiency
of multiple stress response pathways that are evolved
integrally to enable the organism to sense and respond
precisely to different types of stresses®'. This study also
provides an example of combining systematic tran-
scriptome profiling and phenotypic validations to distin-
guish the activities of such interconnected pathways

(Fig. 6). Clarification of the mechanisms shall advance our
understanding of how the organisms respond to diverse
stresses and how the abnormalities in these regulatory
machinery cause cellular stress-related diseases such as
cancer, diabetes, cardiovascular, and immune dis-
orders™®*7*,

Tars belong to the family of aaRSs that catalyze the
ligation of the 20 amino acids (each by specific aaRSs,
albeit separately in cytoplasm and mitochondria) to their
cognate tRNAs, thereby determining the fidelity of pro-
tein translation®**>”2, While mutations in the aaRS genes
have been directly implicated in a broad spectrum of
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human genetic diseases, it remains a significant challenge
to understand the underlying mechanism especially of
how these basic translation regulators exert tissue-specific
effects in these diseases’>™"”. In this study, we observed
that the deficiency of tars in zebrafish causes angiogenic
abnormalities which are dependent on the Tars aminoa-
cylation activity, and, based on this angiogenic model, we
identified that AAR instead of UPR plays a dominant role
in these angiogenic phenotypes. Regarding the mechan-
ism by which the tars deficiency activates AAR, it is
notable that the deficiency of an aaRS causes accumula-
tion of uncharged tRNAs, which mimics amino acid
deprivation®*’®, and that the uncharged tRNAs can
directly bind to and stimulate Gcn2 kinase activity on
elF2a°>%, Thus, the herein specified Tars-Gcn2-elF2a
axis represents a compelling logic to the mechanisms
underlying the angiogenesis induced by tars deficiency
through AAR.

In contrast to the important role of AAR in the tars-
deficiency-induced angiogenesis, the Perk-mediated UPR
pathway shows a very subtle function under this stress
condition. Nonetheless, our results of gene expression
profiling and knockdown/knockout experiments suggest
that Perk and the Perk-mediated UPR are actually active
and play an important role in normal development. This
finding suggests the importance of understanding the role
of stress in the context of the development of living
beings, because normal development may require stress
and, thus, these “normal” and “stress” conditions may not
necessarily be opposite. Indeed, Perk is responsible for the
majority of the elF2a phosphorylation in homeostatic
states, whereas Gcn2 only brings a seemingly modest
increase beyond this level in the stress condition upon
loss of tars. It is interesting that such a modest increase of
elF2a phosphorylation exerts strong cellular effects, and
that knockdown/knockout of Gen2 or Perk in this con-
dition, though both can reduce eIlF2a phosphorylation to
a comparable extend, shows dramatically different phe-
notypes and targeted gene expression profiles. These
observations suggest that there could be a partial
switchover of kinases to phosphorylate the elF2a, and that
the cell/organism should be able to distinguish the dif-
ferent phosphorylated elF2a molecules catalyzed by dif-
ferent kinases. It thus would be interesting to further
investigate the mechanism of how the Gcn2- and Perk-
catalyzed elF2a phosphorylation functions differentially.
Based on the herein-demonstrated mutual competition
between Gnc2 and Perk to phosphorylate elF2a and the
partial switchover of the substrates between these two
kinases, it is conceivable that a different subcellular
localization of Gcn2 and Perk, as well as their corre-
sponding elF2a substrates, may enable the selective
translation of different groups mRNAs into proteins,
which in turn could regulate different gene expression
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programs. Supportive facts for this mechanism include
that Perk is a transmembrane kinase located on ER and,
upon UPR/ER-stress, it may further accumulate into
specialized subcellular compartments, such as ER-derived
quality control compartment’”’®, whereas Gcn2 is rela-
tively free but can be recruited to the stalled ribosomes
through direct interaction with the ribosomal P-stalk
proteins in AAR conditions®"*%, Furthermore, there could
also be other mechanisms, such as possible involvement
of the two protein phosphatase 1 (PP1) complexes
(PP1«GADD34 and PP1.CReP) that dephosphorylate
elF2a and thus antagonize the kinases™®.

The zebrafish aaRS genes are highly conserved with
those of human. It has been established that the human
aaR$ family consists of 38 genes, which encode 18 cyto-
plasmic, 17 mitochondrial and 3 bifunctional aaRS
enzymes’>””. Notably, besides the cytoplasmic TARS and
the mitochondrial TARS2, TARSL2 is a newly identified
cytoplasmic TARS homolog that possesses tRNA ami-
noacylation and editing activities and locates in not only
cytoplasm but also nucleus’® >, Similarly, zebrafish also
contains the fars/2 gene (data not shown), although its
function has been unknown. Therefore, it would be
interesting to investigate whether the fars deficiency
could be at least partially compensated by tars/2. Further,
among all the aaRSs, there should also be a balanced ratio,
as well as the ratio with cognate tRNAs, to regulate the
fidelity of protein translation’*”% In this regard, some
aaRSs may be involved in regulating similar biological
processes. Indeed, besides Tars, several other aaRSs,
including Hars, Iars, Sars, and Wars2, have also been
shown to regulate angiogenesis®® >*°**>~%%  Therefore,
the angiogenic regulatory functions and the herein iden-
tified underlying mechanisms may be shared by many,
though probably not all, aaRSs.

In conclusion, although AAR and UPR are evolved to
sense and respond to different types of stresses, their close
interconnection makes it difficult to distinguish between
them, and this situation has led to biased or over-
simplified assumptions on the mechanisms of regulation
of angiogenesis by AAR and/or UPR. In this study, by
means of a systematic gene expression profiling in com-
bination with a variety of genetic and pharmacological
manipulations of these pathways and phenotypic valida-
tions in zebrafish models, we have been able to specify the
different roles of AAR and UPR in stress-induced angio-
genesis (Fig. 6). Notably, this technical strategy should
also be readily applicable in an analysis of cells/tissues
cultured in vitro, as well as in patient-derived xenograft
models, to better define the activities of different stress
response pathways. Given the critical importance of these
pathways in the pathogenesis of various human diseases
and as potential therapeutic targets, it thus will be pos-
sible, and of great significance, to clearly distinguish and
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specifically manipulate these pathways in patient samples
using this strategy, which may facilitate identification of
stress-related biomarkers and therapeutic strategies.

Materials and methods
Zebrafish strains

The zebrafish strain Tiibingen (ZFIN ID: ZDB-GENO-
990623-3) and the transgenic zebrafish line Tg(flk1:EGFP)
(ZFIN ID: ZDB-ALT-050916-14)*° were maintained in
system water under standard conditions at 28.5°C with a
photoperiod of 12 h of light and 12 h of dark. Both males
and females were used. Developmental stages of the
embryos were indicated in the figures and legends. The
embryos were grown in egg water containing 60 ug/mL sea
salt and 0.2% methylene blue at 28.5 °C. N-Phenylthiourea
(PTU; Sigma-Aldrich; 0.045%) was used to prevent pig-
mentation. All experiments using animals were approved by
the Committee of Animal Use for Research at Shanghai Jiao
Tong University School of Medicine.

Generation of the tars mutant zebrafish

The zebrafish mutant line harboring a loss-of-function
mutation in the tars gene (ZFIN ID: ZDB-GENE-041010-
218) was identified in a forward genetics screening of
hematopoietic/angiogenetic mutants through the treat-
ment of ENU (Sigma) as previously described®>**, Whole
exosome sequencing was performed to identify the
mutated gene. In brief, we first captured the exome
regions with the SureSelect non-human Exomes (SSXT
Zebrafish All Exon, 16rxn) kit (Agilent Technologies) and
then performed high-throughput DNA sequencing using
the Illumina Genome Analyzer IIx (GAIIx) according to
the manufacturer’s protocols. The PCR primers for gen-
otyping are listed in Supplementary Table S5. The tars
mutant line was maintained as heterozygous because the
homozygous embryos were lethal at around 6 dpf.

Generation of the gcn2 and perk knockout zebrafish by
CRISPR/Cas9 genome editing

For a generation of gcn2 and perk knockout zebrafish,
guide RNAs (gRNAs) were designed using ZiFiT Targeter
software (http://zifit.partners.org/ZiFiT/CSquare9Nuclease.
aspx). The gRNAs of gn2 (GGACGCTCTGCCGG
CGCGGG; targeting the PKD domain) and perk
(GGACTCATCATGCATGTGTG; targeting the catalytic
domain) were transcribed in vitro and injected into embryos
of the one-cell stage with 200 ng/mL Cas9 protein (New
England Biolabs, M0646T) following the method as
described previously™. Primers for genotyping for perk and
gen2 were listed in Supplementary Table S5. The CRISPRi
assay was similarly designed and performed with the Tg
(fIkI:EGFP) line, and the chimera FO embryos were vali-
dated by sequencing and subjected to phenotypic analysis
(Supplementary Fig. S9).
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Visualization and quantitative analysis of the angiogenic
phenotypes

Live embryos were anesthetized with 0.03% ethyl
3-aminobenzoate  methanesulfonate salt (Tricaine)
(Sigma; A5040) and mounted in 1% low melting agarose
(Sangon Biotech; A600015). Fluorescence images were
captured with a scanning confocal microscope (Olympus;
FV1000) processed with Image-Pro Plus 6.0 (Media
Cybernetics). To quantify the angiogenic phenotypes in
the trunk, the blood vessels in the region encompassing
8-13 ISVs anterior to the end of yolk extension were
analyzed, and the number of ectopic branching points per
ISV*” was calculated statistically.

Morpholino-mediated gene knockdown

All morpholino oligonucleotides were synthesized by
Gene Tools. The sequences of the morpholinos that were
designed for the first time and used in this study, including
gen2 MO, hri MO, pkr MO, eif2s1a MO, eif2s1b MO, and
atfdb MO, were presented in Supplementary Fig. S2 and
Table S5. Besides, several previously reported morpholinos,
including tars MO*, perk MO, atfda MO?*, and vegfaa
MO* were also employed in this study; their sequences
were also shown in Supplementary Table S5. All morpho-
linos were injected into the embryos at the one-cell stage.

mRNA injection for phenotype rescue

Zebrafish tars cDNA was amplified by RT-PCR from
zebrafish embryo samples and inserted into the pCS2*
vector that contains a FLAG tag. Mutagenesis was per-
formed with the QuikChange Site-Directed Mutagenesis Kit
(Agilent Technologies; 200519). All capped mRNAs were
transcribed in vitro with the SP6 mMESSAGE mMACHINE
Transcription Kit (Thermo Fisher Scientific; AM1340) and
purified with the NucAway Spin Columns (Thermo Fisher
Scientific; AM10070). The purified mRNAs were diluted to
100 ng/uL for microinjection into the embryos.

Tars protein purification and tRNA in vitro transcription

Zebrafish tars-WT, -R459A, and -H473A cDNA were
amplified from the pCS2" vector mentioned above and
inserted into the pET28a plasmid. Tars and their mutant
proteins were purified according to the methods reported
previously”’!. Transcription of zebrafish tRNA™ in vitro,
including tRNA™ (AGU), was performed as previously
described””.

Aminoacylation assay

According to a previously described procedure”, time
course curves of aminoacylation by zebrafish Tars-WT,
-R459A, and -H473A proteins were determined at 37 °C in a
reaction mixture (30 uL) containing 60 uM Tris-HCl (pH
7.5), 10 mM MgCl,, 5mM DTT, 2.5 mM ATP, 114 uM [*C]
1-Threonine and 200 nM protein with 5 uM of tRNA™,
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Northern blot

Total RNAs of zebrafish embryos were isolated using
Trizol reagent, and 5 pg of total RNAs were electrophoresed
through 15% polyacrylamide-8 M urea gel in Tris-borate-
EDTA buffer at room temperature under 150 V for 1.5 h. For
the aminoacylation assays, total RNAs were extracted and
resolved with 0.1 M NaAc (pH 5.2). To separate the charged
and uncharged tRNAs, 5pug of total RNAs were electro-
phoresed through an acidic (pH 5.2) 10% polyacrylamide-
8 M urea gel at 4°C under 18 W for 16 h. The RNAs were
then transferred onto a positively charged nylon membrane
at 4°C under 250mA for 30min. After UV-crosslink
(8000 x 100 J/cm?), the membrane was pre-blocked with
pre-hybridization solution (4x SSC, 1 M Na,HPOy,, 7% SDS,
1.5x denhardt solution, 0.4 mg/L fish sperm DNA) at 55 °C
for 2h. The membrane was hybridized with digoxin (DIG)-
labeled probes for specific tRNAs and 5S rRNA at 55°C
overnight and the probe sequences were listed in Supple-
mentary Table S5. Because of the high similar sequences
between tRNA™(AGU) and tRNA™ (CGU), one probe was
designed to define both of them, and the probe was named
tRNA™ (AGU/CGU). The membrane was washed with
washing buffer (0.1 M maleic acid, 0.15M NaCl, pH7.5)
twice for 15 min and blocked with 1x blocked reagent (0.1 M
maleic acid, 0.15 M NaCl, 10% blocking reagent, pH7.5) for
30 min at room temperature. Then, it was incubated with
anti-AP buffer (1x blocked reagent, 1:10,000 anti-digox-
igenin-AP) for 1 h and washed twice. Finally, the membrane
was treated with the CDP-Star, and imaged by the Amer-
sham imager 680 system (GE, CA, USA).

RNA-seq and bioinformatics analysis

Total RNA of the embryos at 36 hpf was extracted using
the TRIzol reagent (Ambion; 15596018). RNA-seq
libraries were constructed using the NEBNext UltraTM
RNA Library Prep Kit for Illumna (New England Biolabs;
E7530) and sequenced on an Illumina Hiseq4000 plat-
form. The zebrafish reference genome (Danio_rerio.
GRCz10.dna.toplevel.fa) and gene model annotation
(Danio_rerio.GRCz10.91.chr.gtf.gz) files were downloaded
from ENSEMBL. Hisat2 (version 2.0.5)°° was used to
build the index of the reference genome and to align the
clean reads to the reference genome. The read numbers
mapped to each gene were counted and the FPKM of each
gene was calculated with HTSeq (version 0.9.1)°*. The
human homologs of zebrafish genes were determined
with the HomoloGene database (https://www.ncbi.nlm.
nih.gov/homologene) and the reciprocal best hits strategy
as described previously’>”. Hierarchical clustering and
PCA were performed with Cluster (version 3.0)°” and the
heatmap was presented with Java TreeView (version
1.1.6r4)*®, GSEA®® was performed to identify regulated
signaling pathways and to interpret gene expression pat-
terns globally.
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RT-gPCR

RNA was extracted from embryos using TRIzol reagent
(Ambion; 15596018). RNA was reverse transcribed using
random hexamers and oligo(dT) primers. The SYBR Green
Real-Time PCR Master Mix kit (TOYOBO; QPK-201) was
used for the qPCR analysis on the ABI Prism 7900HT
Sequence Detection System (Applied Biosystems). The
relative expression values were normalized against the
internal control S-actin (actbl) gene. Sequences of the PCR
primers were listed in Supplementary Table S5.

Immunoblot

The embryos were deyolked and the proteins were
extracted by lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 1% NP-40, 0.25% sodium deoxycholate, 5 mM EDTA,
10% glycerol and 0.1% Triton X-100) containing appropriate
protease inhibitors (Bimake; B14001) and phosphatase
inhibitor cocktail (Bimake; B15001). The boiled protein
samples were first analyzed by SDS-PAGE and Coomassie
blue staining as a preliminary normalization'®’. Immunoblot
analysis was performed with antibodies including anti-
phospho-elF2a  (Ser51) (D9G8) XP rabbit monoclonal
antibody (mAb) (Cell Signaling Technology; 3398), anti-
elF2a antibody (Cell Signaling Technology; 9722), anti-
phospho-p70 S6 Kinase (Thr389) (108D2) Rabbit mAb (Cell
Signaling Technology; 9234), anti-p70 S6 Kinase (49D7)
Rabbit mAb (Cell Signaling Technology; 2708) and anti-
B-actin mouse mAb (YEASEN; 30101ES60).

Chemical treatment

Dechorionated embryos were treated with 1uM
SU5416 (Merck KGaA; 676487), 20 uM GSK2656157
(MedChemExpress; HY-13820), 10uM GCN2-IN-1
(MedChemExpress; HY-100877), 10 uM GCN2iB (Med-
ChemExpress; HY-112654), or 50 pM 4-Phenylbutyric
acid (4-PBA) (Sigma Aldrich; P21005) from 24 to 54 hpf.
To inhibit global protein translation, the embryos were
treated with 360 uM CHX (Sigma-Aldrich; C7698). While
4-PBA was dissolved in water, the other chemicals were
dissolved in Dimethyl sulfoxide (DMSO) (Sigma-Aldrich;
D8418). The solvents, water or DMSO, were used as
controls, respectively, and the final concentration of
DMSO is 0.1%.

OP-puro incorporation assay

The embryos, including WT, tars '~ and those treated
with CHX, were incubated with 5mM OP-puro in egg
water containing 15% DMSO for 25 min at 28.5°C. As
unstained controls, the WT embryos were also incubated
with 15% DMSO in egg water in the same condition. The
embryos were rinsed with egg water gently 3 times and
further grown for 1h. Then the embryos were deyolked
and treated with 1 mg/mL collagenase IV (Gibco; 17104-
019) for 30 min at 30 °C. The reaction was stopped with
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Fetal Bovine Serum (FBS) (Sigma-Aldrich; F2442), and the
lysis products were centrifuged at 800x g for 5 min at 4 °C.
The pellets were resuspended and washed twice with 10%
EBS in PBS and filtered through a 40 pm cell-strainer
(Falcon; 352235). The cell suspensions were fixed with 4%
paraformaldehyde (Sigma-Aldrich; P6148) at 4°C over-
night. The fixed cells were washed with PBS and per-
meabilized in PBS supplemented with 0.05% Triton X-100
(Sigma-Aldrich; V900502) for 15 min at room tempera-
ture, followed by another wash with PBS supplemented
with 0.05% Triton X-100 and 3% bovine serum albumin
(BSA). Azide-alkyne reaction was performed using Click-
iT Cell Reaction Buffer Kit (Life Technologies; C10269)
according to the manufacture’s protocols. The azide was
conjugated by Tetramethylrhodamine (Life Technologies;
T10182) at a final concentration of 5 uM. DAPI (Beyotime
Biotechnology; C1002) was also added at 5 pg/mL to stain
the cell nucleus. After 30 min of reaction, the cells were
washed twice with PBS supplemented with 0.05% Triton
X-100 and 3% BSA and were subjected to flow cytometry
analysis. For analysis of the “Mean OP-Puro fluorescence”,
the fluorescence values per DAPI-positive cell were
calculated.

atf4a/b translation reporter assay

The 5’ regions of zebrafish atf4a (ZFIN ID: ZDB-GENE-
040426-2340) and atf4b (ZFIN ID: ZDB-GENE-070928-
23) mRNAs, including uORF1, partial uORF2, and the
first 9-bp of the coding ORFs, were cloned into the
pCS2T-EGEFP vector to be fused with the EGFP ORF.
Then, the uORF-atf4a-EGFP and uORF-atf4b-EGEP cas-
settes were inserted into the Tol2 transposon vector
containing the ubiquitin promoter. For Tol2-mediated
transient transgenesis, the Tol2 vectors (180 pg) and Tol2
transposase mRNA (90 pg) were injected as previously
reported®® and the expression of EGFP was visualized
with a fluorescence microscope.

Quantification and statistical analysis

For quantitative angiogenic phenotype analysis, the
ectopic branch points per ISV of the tars™/~ and sibling
embryos were quantified, and all the values of each
embryo, as well as their means + SD, were presented as
scatter plots in the Figures. For the RT-qPCR experi-
ments, the data were presented as means + SD of tripli-
cate reactions. A two-tailed Student’s ¢-test was used for
these statistical analyses with the GraphPad Prism 6
program, and P<0.05 was considered statistically
significant.
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