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            Abstract
Cells sense their environment and adapt to it by fine-tuning their transcriptome. Wired into this network of gene expression control are mechanisms to compensate for gene dosage. The increasing use of reverse genetics in zebrafish, and other model systems, has revealed profound differences between the phenotypes caused by genetic mutations and those caused by gene knockdowns at many loci1,2,3, an observation previously reported in mouse and Arabidopsis4,5,6,7. To identify the reasons underlying the phenotypic differences between mutants and knockdowns, we generated mutations in zebrafish egfl7, an endothelial extracellular matrix gene of therapeutic interest, as well as in vegfaa. Here we show that egfl7 mutants do not show any obvious phenotypes while animals injected with egfl7 morpholino (morphants) exhibit severe vascular defects. We further observe that egfl7 mutants are less sensitive than their wild-type siblings to Egfl7 knockdown, arguing against residual protein function in the mutants or significant off-target effects of the morpholinos when used at a moderate dose. Comparing egfl7 mutant and morphant proteomes and transcriptomes, we identify a set of proteins and genes that are upregulated in mutants but not in morphants. Among them are extracellular matrix genes that can rescue egfl7 morphants, indicating that they could be compensating for the loss of Egfl7 function in the phenotypically wild-type egfl7 mutants. Moreover, egfl7 CRISPR interference, which obstructs transcript elongation and causes severe vascular defects, does not cause the upregulation of these genes. Similarly, vegfaa mutants but not morphants show an upregulation of vegfab. Taken together, these data reveal the activation of a compensatory network to buffer against deleterious mutations, which was not observed after translational or transcriptional knockdown.
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                    Figure 1: Generation of zebrafish egfl7 mutant alleles and sporadic brain haemorrhage in mutant larvae.[image: ]


Figure 2: Zebrafish egfl7 mutant embryos are less sensitive to egfl7 morpholino injections.[image: ]


Figure 3: Emilin3a is upregulated in mutant but not in morphant or CRISPRi embryos.[image: ]


Figure 4: Emilin2 and Emilin3 can rescue egfl7 morphants.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Generation and identification of zebrafish egfl7 mutant alleles.
a, TALENs were designed to target exon 3 of egfl7 which encodes part of the EMI domain. Sequence alignment of part of exon 3 from the WT, egfl7s980 and egfl7s981 alleles shows TALEN indels: Δ3/s980 (three nucleotide deletion) and Δ4/s981 (five nucleotide deletion), and one nucleotide insertion (yellow). b, Genotyping example of single embryos sampled from a population of egfl7 WT, egfl7 s981/+ and egfl7s981/s981 fish using high-resolution melt analysis. The green curve corresponds to the WT allele and the red one to the egfl7s981 allele. Heterozygous embryos have both alleles and thus the melting profile (in blue) is a composition of the WT and mutant curves.


Extended Data Figure 2 The egfl7s981 mutation leads to egfl7 mRNA degradation, reduced protein expression and impaired secretion.
a, The egfl7s981 mutation leads to egfl7 mRNA degradation: egfl7 mRNA expression in 24 hpf WT, egfl7s981/s981 and egfl7s980/s980 embryos. Expression normalized to gapdh. b, The egfl7s981 (p.Gln49Leufs*30) mutation leads to strongly reduced protein expression. Western blot analyses of Egfl7-Myc-tag expression in transfected HUVEC cells. Egfl7 WT and Egfl7s980 protein expression was strongly detected in the medium whereas the Egfl7s981 isoform was strongly reduced in the cells and very poorly secreted (right), or undetectable in both (left). Furthermore, Egfl7s981 shares high similarity to the truncated protein produced in the original Egfl7 mutant mouse in which the protein was not detectable using an Egfl7 antibody10.


Extended Data Figure 3 Vessel integrity and permeability do not appear to be affected in egfl7s981/s981 larvae.
A fluorescent molecule (2000 kDa FITC-dextran) was injected directly into the circulation of 72 hpf Tg(kdrl:HRAS:mCherry) larvae that previously showed haemorrhage, which was mostly localized around the hindbrain ventricle. Confocal micrographs of 72 hpf Tg(kdrl:HRAS:mCherry) expression, FITC-dextran and MERGE of WT and egfl7s981/s981 larvae in (a) lateral and (b) dorsal views. The FITC-dextran did not accumulate to the sites of haemorrhage, suggesting that these sites had clotted and vascular integrity had been restored after the initial blood leakage.


Extended Data Figure 4 In vivo genome editing: Myc-tag introduction in the egfl7 endogenous locus.
a, TALENs targeting the egfl7 stop codon created double-stranded breaks in the chromosomal DNA. Homology-directed repair precisely incorporated the Myc tag exogenous sequence (ssDNA) at the cut site. b, Western blot analysis of Egfl7-Myc-tag expression in 24 hpf control and morphant embryos. Egfl7 Myc-tag signal was reduced by around 80% in morphants (1 ng egfl7 MO) compared with uninjected. Expression normalized to tubulin (P ≤ 0.05). Error bars, s.e.m. (n = 3).


Extended Data Figure 5 The egfl7 morpholino does not significantly affect p53 mRNA expression at 1 ng per embryo but it does so at higher doses.
mRNA expression of p53 in 24 hpf WT, egfl7 Δ3 (egfl7s980 ) and egfl7 Δ4 (egfl7s981 ) mutant, and morphant (1, 2 and 4 ng injected) embryos. Expression normalized to gapdh. Error bars, s.e.m. of technical triplicates.


Extended Data Figure 6 The egfl7 transcript elongation inhibition causes a phenotype similar to the one seen in morphants.
a, gRNAs of egfl7 targeting the template (T) strand in exon 2 and non-template (NT) strand in the 5′ UTR and exon 2. b, Expression of egfl7 in non-template (NT) gRNA and template (T) gRNA-injected embryos relative to uninjected (CT) siblings at 20 hpf. qPCR data, pools of ten embryos each, expression normalized to gapdh (P ≤ 0.05). Error bars, s.e.m. (n = 3). c, Lateral view confocal micrographs of 48 hpf Tg(kdrl:GFP) embryos injected with egfl7 template and non-template CRISPRi. Template CRISPRi (top) embryos are indistinguishable from non-injected siblings, while non-template CRISPRi embryos exhibit different degrees of vascular defects (middle: mild; bottom: severe).


Extended Data Figure 7 Single-shot proteomics to assess changes between WT and egfl7s981 mutant embryos.
a, Schematic visualization of proteomic workflow. Embryos were lysed in urea buffer, and proteins were digested in-solution using trypsin and measured on a QExactive bench top instrument. Acquired spectra were analysed against the Uniprot zebrafish database (2014) using MaxQuant. b, Scatter plot matrix shows high correlation between biological replicates. Reproducibility was determined by a Pearson correlation coefficient.


Extended Data Figure 8 Emilin3a expression is upregulated in mutant but not morphant embryos.
a, Volcano plot showing significantly dysregulated proteins between egfl7 morphant and WT embryos at 24 hpf using label-free quantification. Emilin3a (blue) levels were not significantly different between morphant and WT embryos. Emilin3b is also highlighted in blue. b, Bar plot showing upregulation of emilin family members in 24 hpf egfl7 mutants compared with WT and morphants, as assessed from RNA-seq data (WT expression set at 1 for each gene).


Extended Data Figure 9 Expression of vegfab is upregulated in vegfaa mutant embryos but not in morphants, or vegfaa dominant negative-injected embryos; qPCR data, pools of ten embryos each, expression normalized to gapdh (P ≤ 0.05).
Error bars, s.e.m. (n = 5). a, mRNA expression of vegfab in 24 hpf vegfaa WT, mutant and morphant embryos. b, mRNA expression of vegfab in 24 hpf vegfaa WT and vegfaa dominant negative-injected embryos (two different dominant negatives were injected).
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Mutant versus morphant phenotypes
Antisense approaches to gene knockdown or interference, using agents such as siRNA and morpholino oligomers, have been criticized as being prone to off-target effects that can lead to phenotypes unrelated to the silencing of the target gene. Didier Stainer and colleagues contribute to this debate with a report that may cast doubt on the superiority of genetic inactivation versus knockdown. They show that 'morphant' zebrafish embryos in which the egfl7 gene is silenced using morpholinos, display severe vascular defects, whereas egfl7 mutant fish show very mild phenotypes. The discrepancy is a result of genetic compensation induced by deleterious mutations (upregulation of Emilins to counter the loss of Egfl7), but not by transcriptional or translational knockdown. This work illustrates the power of comparing mutants and morphants to identify modifier genes.
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