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To the editorial board of Cell Journal,  
 

Tissue and organ physiology is achieved by a collection of uniform cellular 
behaviors with optimal functionality. Determining how, molecularly, these normal 
phenotypes are precisely reproduced between individuals is fundamental to our 
understanding of organismal performance and ultimately disease susceptibility.  

Here, we pinpoint miRNA regulation as one of the mechanisms adopted by 
higher organisms to establish and maintain phenotypic uniformity. Using single cell 
resolution screen of developing blood vessels in zebrafish, we show that disruption of 
miRNA-regulated networks led to a substantial increase in phenotypic variability of 
vascular traits, which resulted in sensitization to stress.  

 
These findings represent significant conceptual advances over published 

literature. To date, only a single miRNA has been reported to prevent phenotypic 
variability such that it counteracted the effects of genomic variation on Drosophila 
scutellum bristle number (Cassidy et al., Cell 2013). Our data provide a deeper 
comprehension of this initial observation by demonstrating for the first time that: 
 

1. miRNA regulation of phenotypic variability is a widely applicable 
mechanism, operating in multiple cellular contexts in vertebrate tissue.   

2. Several miRNAs, including a multi-gene miRNA family, are necessary to 
limit phenotypic variability of specific developmental traits. 

3. miRNAs have a broad protective function against diverse perturbations, not 
only limited to stress from genomic variation. 

 
 
 

Cover Letter



Additionally, our work has a wide-reaching impact for the following reasons: 
 

1. We show that miRNA regulation of developmental networks is a general 
hallmark for tissue homeostasis. Since nearly all cell types are subject to 
phenotypic variability and express miRNAs, our data provide the framework 
for future and widespread mechanistic studies on how miRNA activity 
determines an individual’s phenome.   

2. Although miRNAs are abundantly expressed throughout life, their loss has 
profound effects mainly in disease models. These counterintuitive findings 
have been difficult to reconcile in the history of miRNA biology. We uncover 
the missing link that miRNAs limit phenotypic variability in physiological 
settings as a way to prevent the impact of stress and consequently disease. 

 
Because of all these reasons, we hope that you will consider the groundbreaking nature 
of our work for publication in Cell.  

 
           
The following investigators are appropriate reviewers based on their fields of study in 
miRNA biology and cardiovascular development: 
 
David Bartel    (dbartel@wi.mit.edu) 
Richard Carthew   (r-carthew@northwestern.edu) 
Alex Schier    (schier@fas.harvard.edu) 
Stefan Schulte-Merker  (s.schulte@uni-muenster.de) 
Deepak Srivastava   (dsrivastava@gladstone.ucsf.edu) 
Brant Weinstein   (weinsteb@mail.nih.gov) 
Leonard Zon    (zon@enders.tch.harvard.edu) 
 
             
          Sincerely,  
          Stefania Nicoli  
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SUMMARY  

Proper functioning of tissues requires cells to behave in uniform, well-organized 

ways. Conversely, many diseases involve increased cellular heterogeneity due to 

genetic and epigenetic alterations. Defining the mechanisms that counteract 

phenotypic variability is therefore critical to understand how tissues sustain 

homeostasis. Here, we carried out a single-cell resolution screen of zebrafish 

embryonic blood vessels upon mutagenesis of single microRNA (miRNA) genes 

and multi-gene miRNA families. We found that miRNA mutants exhibit a 

profound increase in cellular phenotypic variability of specific vascular traits. 

Genome-wide analysis of endothelial miRNA target genes identified antagonistic 

regulatory nodes of vascular growth and morphogenesis signaling that allow 

variable cell behaviors when derepressed. Remarkably, lack of such miRNA 

activity greatly sensitized the vascular system to microenvironmental changes 

induced by pharmacological stress. We uncover a previously unrecognized role 

of miRNAs as a widespread protective mechanism that limits variability in cellular 

phenotypes. This discovery marks an important advance in our comprehension 

of how miRNAs function in the physiology of higher organisms. 

 

INTRODUCTION 

How the genome creates reproducible phenotypes in the face of variable 

inputs is a fundamental question in biology. Biological systems constantly 

experience stochastic, genetic, and environmental variation. It has been 

proposed that mechanisms that tune transcript levels in response to such 
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perturbations are necessary to achieve phenotypic uniformity (Frankel et al., 

2010; Ji et al., 2013; Raj et al., 2010; Staton et al., 2011). Impairment of these 

mechanisms in invertebrate development generates variable traits that are more 

susceptible to environmental changes (Cassidy et al., 2013; Rutherford and 

Lindquist, 1998). Unfortunately, whether these protective measures exist in 

higher organisms is completely unknown. Such a demonstration will reveal how 

complex sets of cells and tissues collectively achieve homeostasis. Furthermore, 

aberrant cell behaviors arising from errors in these mechanisms could greatly 

influence the effect of acquired risk factors on disease susceptibility. This will 

have a wide-reaching impact on how vertebrates establish and preserve 

phenotypes with optimal functionality. 

One of the most abundant classes of gene regulatory molecules in 

vertebrates is miRNAs (Berezikov, 2011; Friedman et al., 2009). miRNAs silence 

gene expression by targeting messenger RNA (mRNA) for translational inhibition 

or decay (Bartel, 2009). The majority of protein-coding genes are controlled by 

miRNAs and a single miRNA can rapidly repress hundreds of transcripts (Baek et 

al., 2008; Selbach et al., 2008). miRNAs can collectively regulate positive and 

negative effectors of a genetic pathway, thereby providing precision to cellular 

behaviors (Choi et al., 2007b; Linsley et al., 2007). For these reasons, we 

propose miRNA-mediated gene silencing is one of the mechanisms that 

standardize phenotypes. 

Here, we tested whether miRNAs regulate gene expression to counteract 

phenotypic diversity within a microenvironment. We used the zebrafish 
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cardiovascular system as a platform to probe the establishment and maintenance 

of endothelial cell phenotypes in the absence of miRNA activity. We analyzed 

three endothelial expressed miRNAs, and discovered that while all miRNA 

mutant populations displayed vascular cell-specific anomalies, only loss of some 

miRNAs resulted in increased variability of that trait. Furthermore, miRNA 

mutants with phenotypic heterogeneity were sensitized to perturbation by 

chemical drug treatment as they developed disease phenotypes. Genome-wide 

analyses of miRNA-target gene networks support a model by which miRNAs 

regulate pathways that are capable of counteracting the pharmacological stress. 

Our results provide the first evidence that vertebrate miRNAs are critical to limit 

phenotypic variability as a way to preserve tissue homeostasis. 

 

RESULTS 

Identification and mutagenesis of endothelial miRNAs 

 We used the zebrafish embryonic cardiovascular system to investigate a 

function for miRNAs in standardizing phenotypic expression. Cardiovascular 

phenotypes are easily detectable in this model due to the external growth and 

optical transparency of the embryo. These include the angiogenic sprouting of 

endothelial cells to form blood vessels beginning at ~24 hour post fertilization 

(hpf), hemogenic endothelium specification of hematopoietic stem/progenitor 

cells (HSPCs) starting at ~32 hpf, and vessel remodeling and maturation from 48 

hpf to 6 days post fertilization (dpf) (Figure 1A) (Bertrand et al., 2010; Isogai et 

al., 2001; Isogai et al., 2003; Kissa and Herbomel, 2010). Using this well-
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established platform, we first performed Illumina sequencing of miRNAs from 

endothelial (Kdrl:GFP+) and non-endothelial (Kdrl:GFP-) cells that were isolated 

from 24 hpf to 6 dpf embryos expressing the vascular-specific transgene 

Tg(kdrl:gfp)la116 (Figure 1A) . We found 46 miRNAs that were highly expressed 

and/or enriched in endothelial cells in at least one developmental stage, which 

we term “endothelial miRNAs” (Figures 1B and S1A).  

To thoroughly assess the requirement of miRNAs in limiting phenotypic 

variability, we examined their function in three diverse vascular contexts. 

Specifically, we characterized single miRNA genes miR-139 and miR-223, as 

well as the miR-24 family, which is comprised of four genes that are processed 

into the same mature miRNA (Figure S1B). These miRNAs showed differential 

expression during vascular development as well as localization to different 

vascular beds (Figures 1B-1F).  Specifically, we detected miR-139 in the trunk 

vasculature at 32 hpf by demonstrating the downregulation of mature miRNA 

levels in etv2 morphant embryos, which lack intersegmental vessels (ISVs) 

(Figure 1D) (Pham et al., 2007). miR-24 expression at 54 hpf was limited to the 

ventral craniofacial region within pharyngeal arches, endoderm, and 

mesenchyme including the endothelium of the aortic arches. By 6 dpf, miR-24 

became solely restricted to vascular cells (Figure 1E). miR-223 was observed in 

hemogenic endothelium along the ventral wall of the dorsal aorta (DA) at 32 hpf 

when HSPCs are specified, and at transient site of blood production at 54 hpf 

(Figure 1F) . 
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Next, we generated loss-of-function alleles to analyze the roles of miR-

139, miR-24 family and miR-223. To form the functional ~22 base pair (bp) 

miRNA, the miRNA precursor transcript must be folded into a precise hairpin 

structure for Drosha/DGCR8 and Dicer cleavage (Ha and Kim, 2014). Therefore, 

we employed genome-editing techniques to induce mutations (referred to in the 

text as ) that interfere with miRNA processing as a way to disrupt miRNA 

activity (Figures 1G-1I and S1C). TAL effector nucleases (TALENs) produced a 

9 bp deletion in the miR-139 gene (Figure 1G) and two different 10 bp and 8 

bp deletion alleles in miR-223 (Figure 1I). Additionally, injection of multiplexed 

pairs of CRISPR guide RNAs with Cas9 mRNA  resulted in the concurrent 

mutagenesis of the four miR-24 family genes (Figure 1H). We analyzed mature 

miRNA levels in mutants homozygous for miR-139 (miR-139  and miR-223 

(miR-223 , and a miR-24 allelic series of 27 mutant genotypes derived from a 

miR-24-1+/2+/ 3+/ 4/ incross (Figures 1K and S2). Mature miRNA 

expression was completely absent in miR-139and miR-223mutants, and 

was progressively diminished and ultimately lost from miR-24 single to quadruple 

mutants (Figures 1J-L). Thus, our generated alleles enabled loss of miRNA 

function studies.  

 

Loss of miR-139 increases variability in endothelial cell shape phenotypes 

Zebrafish miR-139 mutants lacked obvious vascular morphological 

defects (e.g., pericardial edema and hemorrhaging) during embryonic 

development and were viable and fertile as adults (data not shown). Therefore, 
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we subjected maternal-zygotic miR-139 embryos to a multifaceted screen 

with single-cell resolution for variation in specific cardiovascular traits (Figure 

S1D). While most markers and vessel growth were unaffected, we found an 

altered expression pattern for the chemokine receptor cxcr4a in ISVs of miR-

139 mutants at 32 hpf (Figures 2A-2D and S3A-C). Filopodia membrane 

extensions are numerous on endothelial cells during ISV formation and have 

been associated with chemokine regulated cell shapes (Isogai et al., 2001; Isogai 

et al., 2003; Meyen et al., 2015). As miR-139 was detected in ISVs (Figure 1D), 

we assessed filopodia morphology on single endothelial cells in these vessels. At 

32 hpf, filopodia of cells lacking miR-139 activity were increased in number and 

longer in length compared to wild type cells on average (Figures 2E-2G). 

Strikingly, we also detected a greater variability of these cellular morphologies in 

miR-139 mutants. While wild type endothelial cells possessed homogenous 

filopodia, miR-139 cells ranged from lacking filopodia completely to having a 

multitude of filopodia of varying lengths as represented by the density distribution 

in the violin plots (Figures 2F and 2G). To quantify the variability in these 

phenotypic traits, we calculated the coefficient of variation  and found a 

significantly higher value in miR-139 compared to wild type embryos (Figures 

2H and 2I). Thus, the more diverse spectrum of ISV endothelial cell shapes in 

miR-139embryos indeed resulted from changes in phenotypic variability.  

In summary, although miR-139mutants exhibit ISV filopodia 

morphology similar by average to the wild type phenotypic optimum, they have 

the potential to explore a broader range of phenotypes despite a common 
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microenvironment (Figures 2J and 2K). In this fashion, miR-139 is required to 

standardize ISV endothelial cell shape.  

 

Progressive loss of miR-24 enhances phenotypic variability in 

hypobranchial artery morphogenesis 

Intrigued by the marked increase in variability of endothelial shape in miR-

139 embryos, we used our miR-24 allelic series derived from miR-24-

1+/2+/ 3+/ 4/ incrosses (Figures 1H and S2) to investigate whether 

miRNAs could promote phenotypic uniformity in a second vascular 

developmental context. Analysis of this vast collection of mutant genotypes also 

allowed us to explore how phenotypic heterogeneity responds to a step-wise loss 

of miRNA gene copies (Figure 1K). 

All miR-24embryos, including quadruple mutants, lacked gross 

morphological defects and were viable at least through 6 dpf (Figures S4A and 

S4B). Therefore, we proceeded to screen miR-24 mutants with markers of the 

vasculature as well as craniofacial morphology because miR-24 was localized to 

both aortic and pharyngeal arches at 54 hpf (Figure 1E). Patterns of sox9a+ 

chondrocyte progenitors and derived cartilaginous structures were unaffected in 

miR-24 mutant embryos, and thus ruled out a possible contribution of this miRNA 

to craniofacial skeletal formation (Figure 3A). Confocal analysis of the developing 

ventral head vasculature did unveil a requirement for miR-24 in the 

morphogenesis of the hypobranchial artery (HA), which together with the aortic 

arches, supplies blood to ventral craniofacial tissues (Crucke and Huysseune, 
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2013; Isogai et al., 2001). Embryos lacking at least three miR-24 copies exhibited 

partial HA sprouting at 54 hpf, and by 6 dpf had a hypoplastic HA and less 

complex aortic arches, which correlated well with diminishing mature miR-24 

levels in these vessels (Figure 3B). Patterning of other cranial vessels was 

comparable between all the miR-24 mutant genotypes and wild type embryos 

(Figure S4C), which points to the specificity of the vascular defects detected in 

the mutant background.  

While quantification of HA length in miR-24embryos showed a 

significant reduction in HA size only in the miR-24 triple and quadruple mutants, 

we found a marked increase in phenotypic heterogeneity prior to the appearance 

of the sprouting defect (Figures 3C and 3D). Progressive depletion and loss of 

miR-24 expression resulted in embryos with a continuum of phenotypes ranging 

from an absent to a properly formed HA. Remarkably, miR-24 double mutant 

embryos possess a HA of normal length on average, but have a significantly 

increased coefficient of variation. Therefore, the miR-24 expression level 

resulting from the loss of two miR-24 gene copies coincides with the onset of HA 

phenotypic variability (Figure 3D).  

Gradual loss of miR-24 activity allows individuals in a population to 

explore a broader range of smaller HA sizes and increases the probability of 

these embryos to have a phenotypic value outside the wild type spectrum (Figure 

3E). Taken together, miR-24 ensures reproducible HA vascular morphogenesis. 
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Loss of miR-223 impacts HSPC formation from hemogenic endothelial cells 

without a change in phenotypic variability 

  Our study of miR-139 and the miR-24 family provides compelling 

evidence that miRNAs limit the heterogeneity of phenotypic outcomes in 

vertebrate development. Therefore, we tested the generality of this miRNA 

function in a third vascular context by investigating miR-223 activity. 

 miR-223 embryos did not have overt vascular anomalies and grew up 

as fertile adults (data not shown). Accordant with miR-223 expression in kdrl+ 

and cmyb+ hemogenic endothelium (Figures 1B, 1C, 1F and S5A), embryos 

lacking miR-223 showed an expansion of cmyb+ expression resulting from 

increased kdrl+ cmyb+ hemogenic endothelial cells (Figures 4A-D and S5B). 

Vascular markers were unaffected in mutant embryos indicating that this defect 

was restricted to hematopoiesis (Figure S5C). Interestingly, phenotypic variability 

for hemogenic endothelial cell number was not statistically different between wild 

type and miR-223 embryos (Figure 4E). 

Analysis of additional hematopoietic markers in miR-223 embryos 

revealed an expansion of pu.1+ myeloid progenitors and their neutrophil 

descendants, but not other differentiated blood cells (Figures 4F, 4G and S5D-

5F). Again, the coefficient of variation of neutrophil number in miR-223 

mutants was proportional to that of wild type embryos (Figure 4H).  

We conclude from these data that miR-223 regulates the formation of 

HSPCs from the hemogenic endothelium and their subsequent differentiation into 

specific myeloid cell types. Importantly, individuals lacking miR-223 do not 
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display increased variability as they have the same probability as wild type to 

explore a narrow spectrum of phenotypes in the two traits examined (Figure 4I 

and 4J). Thus, limiting phenotypic diversity is not a sole function for miRNAs 

during development. 

 

Genome-wide analysis of miR-139, miR-24, and miR-223 endothelial target 

genes  

To gain molecular insights into how miR-139, miR-24, and miR-223 

differentially regulate phenotypes, we defined endothelial target gene networks 

individualized for each miRNA. We deep-sequenced polyadenylated RNAs in 

Kdrl:GFP+ endothelial cells isolated from 24 hpf to 6 dpf Tg(kdrl:gfp)la116 embryos. 

From the endothelial transcripts identified, we determined the subsets that were 

classified as miRNA target genes by multiple prediction algorithms. 

Approximately 300 targets each, representing 9% of the developmentally 

expressed vascular genes, were assigned to miR-139, miR-24, and miR-223. We 

used the Circos software package to better visualize the regulatory activity of 

each miRNA. Links represent individual miRNA targets and point to their dynamic 

endothelial expression patterns between stages (Figure 5A). Consistent with their 

diverse functions, the majority of targets (colored links) for miR-139, miR-24, and 

miR-223 were uniquely regulated through vascular development, while only 30 

endothelial transcripts were targeted by all three (grey links). Therefore, the 

defects observed in these miRNA mutants likely resulted from the disruption of a 

complex genetic network rather than a key target gene. 
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Examination of Gene Ontology (GO) terms demonstrated the functional 

relevance of the predicted endothelial miRNA targets to the observed vascular 

mutant phenotype (Figures 5B-5D). Significantly enriched GO terms for miR-139 

and miR-24 included blood vessel development as well as terms associated with 

cell motility and migration such as small GTPase mediated signal transduction 

(Figures 5B-5C). In contrast, embryonic hematopoiesis was the most over-

represented GO term for miR-223 (Figure 5D).  

Many of the transcripts targeted by miR-139 and miR-24 have been 

empirically designated as pro-angiogenic or anti-angiogenic factors. Included in 

these genes were classic regulators of vascular growth and endothelial cell 

migration such as flt1, plc, and amotl2a for miR-139 and ctnnb1, cdc42, and tie1 

for miR-24 (Aase et al., 2007; Barry et al., 2015; Cattelino et al., 2003; Corada et 

al., 2010; Ernkvist et al., 2006; Fong et al., 1995; Krueger et al., 2011; Lawson et 

al., 2003; Li et al., 2010; Liao et al., 2002; Wakayama et al., 2015). 

Experimentally defined pro- and anti- hematopoietic factors were amongst miR-

223 targets, including myct1, jam3b, and aplnrb (Holmfeldt et al., 2016; Praetor 

et al., 2009; Yu et al., 2012). Strikingly, miRNA-target gene interaction maps 

describing these angiogenic or hematopoietic classifications were unexpectedly 

complex between miRNAs (Figures 5E-5G). Nearly all miR-223 targets 

corresponded to pro-hematopoietic genes (Figure 5G) while both pro- and anti- 

angiogenic genes were abundantly present in miR-139 and miR-24 networks 

(Figures 5E and 5F). Derepression of such interactions can originate in a broader 
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range of vascular growth and morphogenesis phenotypes detected in miR-139 

and miR-24 mutants (Figures 2J, 2K and 3E).  

Hence, a network comprised of opposing regulators is a unique signature 

of a miRNA limiting phenotypic variability. 

 

Phenotypic heterogeneity in miRNA mutants confers sensitization to 

pharmacological stress  

Mutations in miR-139 and the miR-24 family, but not miR-223 significantly 

impacted both vascular cell trait means and variability. However, as all the 

endothelial miRNA mutant embryos equally survived and did not experience 

adverse complications, the physiological requirement of these diverse modes of 

miRNA function were unclear. As previously suggested in invertebrates (Cassidy 

et al., 2013), we hypothesized that the phenotypic variability associated with 

miRNA loss might be the result of a genotype sensitized to variable 

perturbations. For this reason, we assessed the sensitization of miR-139, miR-

24, and miR-223 mutants to a measurable environmental stress, in this case, a 

drug treatment. We chose stressors that would interfere with the respective 

miRNA-regulated cellular behaviors as they arise.  

For miR-139, we selected the gamma secretase inhibitor IX (GSI), an 

antagonist of Notch signaling that interferes with ISV patterning (Figures 6A-6C) 

(Leslie et al., 2007). Strikingly, both miR-139and miR-139 genotypes 

manifested a significant abnormal number of ISV branches when exposed to a 

sub-dose of this drug that minimally perturbed control embryos (Figures 6A-6C). 
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Likewise, treatment with a sub-dose of Wnt signaling agonist 6-bromoindirubin-3'-

oxime (BIO) induced shorter HA sprouts in all miR-24 mutant genotypes but not 

in control embryos (Figures 6D-6F). The profound anomalies dictated by 

minimum stressor exposure in miR-139 and miR-24 allelic series supported a 

true phenotypic sensitization of the mutant background rather than a simple 

genetic interaction between the miRNA and drug-signaling pathway. Consistent 

with our hypothesis, miR-223and miR-223 embryos were not sensitized to 

a sub-dose of S-Nitroso-N-acetyl-DL-penicillamine (SNAP), a nitric oxide donor 

that enhances HSPC formation (Figures 6G-6I) (North et al., 2009). The lack of 

drug sensitization could not be explained by a production limit in this cell type in 

the mutant background as miR-223 embryos treated with SNAP displayed the 

expected enhancement of kdrl+ cmyb+ hemogenic endothelial cells (Figure S6). 

Finally, coefficients of variation were consistently altered only in treated miR-139 

and miR-24 mutants (Figures 6B, 6E and 6H).  

Altogether, phenotypic variability associated with the loss of specific 

miRNA increased an individual’s probability to develop disease-like phenotypes 

despite a common microenvironment (Figures 6C, 6F and 6I).    

 

DISCUSSION 

The physiology of tissues and organs is achieved by a collection of cell 

behaviors possessing a spectrum of phenotypes compatible with optimal 

functionality. How, molecularly, this spectrum is precisely reproduced between 

individuals is a fundamental question critical to our understanding of organismal 
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performance and ultimately disease. Here, we propose that miRNA-regulation of 

developmental networks is one mechanism adopted by vertebrates to establish 

and maintain phenotypic uniformity in the face of incoming variation from the 

microenvironment. 

We used the developing zebrafish vasculature as a model to determine 

whether specific miRNAs are required for the standardization of endothelial cell 

behaviors. Isogenic miRNA mutant embryos lacking endothelial expressed miR-

139 or miR-24 manifested measurable vascular phenotypic differences that were 

near the wild type optimum value, but occupied a wider range of phenotypic 

expression. As a consequence of the phenotypic variability, these genotypes 

were further sensitized to a discrete perturbation targeted to the specific miRNA 

controlled endothelial cell process. The progressive depletion of miRNA activity 

thereby increases the probability of embryos to possess heterogeneous 

phenotypes in both physiological and stress conditions. These results reveal an 

unrecognized function for miRNAs in vertebrates to limit congenital phenotypic 

heterogeneity and sensitization to acquired risk factors. 

At the molecular level, our data support that miRNAs function as rheostats 

of developmental networks to allow phenotypic uniformity. Genome wide analysis 

for miR-139 and miR-24 target genes in vascular development revealed both 

positive and negative regulators of vessel growth and remodeling. Regulation of 

opposing activities is indicative of a position for miRNAs in feedback and feed 

forward homeostatic loops, which are well suited to respond to internal and 

external stimuli to maintain physiological functions (Ebert and Sharp, 2012; Ji et 
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al., 2013; Li et al., 2009; Tsang et al., 2007). Thus, involvement in such 

regulatory modes could explain why a loss of miR-139 and miR-24 activity led to 

a broad diversity of phenotypic outcomes outside the wild type limits.  

In contrast to miR-139 and miR-24, depletion of miR-223 activity did not 

alter phenotypic trait variability in blood cell production. Accordingly, a notable 

difference in the miR-223 target gene network could explain this divergent 

function such that miR-223 almost exclusively targets transcripts that positively 

modulate hematopoiesis. Thus, the miR-223 regulated network is unable to 

counteract variable inputs as it lacked negative regulators to counterbalance a 

pro-hematopoietic program. Indeed, while miR-223 homozygous embryos 

possessed more hemogenic endothelial cells on average, the expression range 

of this phenotype was similar to that of wild type. Also, perturbation by a chemical 

stressor did not further increase HSPC formation in miR-223 genotypes. Since 

many other miRNAs are expressed in blood forming vascular cells (Nimmo et al., 

2013), other miRNAs, rather than miR-223, could standardize this specific 

phenotype.  

miRNAs are highly implicated in disease, however there has been no 

evidence connecting this relationship with congenital heterogeneity in cellular 

phenotypes. We believe our data provides the first example in vertebrates that 

miRNAs can developmentally program individuals to antagonize drug 

perturbation and potentially a broad range of other insults. Considering that the 

miRNAs studied here are highly conserved in mammals (Friedman et al., 2009), 

we speculate that this protective mechanism also exists in humans. Single 
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nucleotide polymorphisms (SNPs) in miRNA genes overlap nearly a thousand 

genomic regions linked to phenotypic variations, some of which have been 

verified experimentally to cause the specific trait heterogeneity (Amiel et al., 

2012; Huan et al., 2015; Zorc et al., 2012). SNPs and mutations in miRNA genes 

and target binding sites are often associated with the probability to manifest a 

pathological condition such as carcinogenic transformation and cardiovascular 

disorders. Interestingly, the manifestation of such diseases is heterogeneous in 

the human population and clearly sensitive to risk factors, including genomic 

variation, age, and exposure to chemicals or other substances (Mendell and 

Olson, 2012; Quiat and Olson, 2013; Ryan et al., 2010). Our results would 

predict that individuals lacking specific miRNA activity could inherit a set of 

cellular phenotypes more prone to transformation or disease once exposed to a 

new environmental stress. In this respect, our discovery points to miRNA genetic 

variants as potential congenital markers that could instruct the management of 

susceptibility factors. 

Even after twenty years of miRNA biology, it is still difficult to decipher the 

functions of specific miRNAs in the establishment of multicellular organisms, 

particularly in vertebrates (Lai, 2015). Only a handful of miRNAs are necessary 

for major developmental decisions and for viability, while most embryos lacking 

specific miRNA genes appear “normal” (Park et al., 2012; Vidigal and Ventura, 

2015). Here, we present experimental evidence that helps to demystify this 

aspect of biology. We revealed a new mechanism in vertebrates by which 

miRNAs promote the uniformity of developmental traits as a way to limit the 
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impact of the environment on physiology. Since all cell types could be subject to 

phenotypic variability and regulation by miRNAs, our data provide the 

groundwork for widespread mechanistic studies on how miRNA regulation of 

developmental networks determines an individual’s phenome and disease 

susceptibility. 

 

 

 

EXPERIMENTAL PROCEDURES 

Detailed methods are available in Supplemental Experimental Procedures. 

 

Zebrafish Strains and Husbandry 

Zebrafish were raised and maintained using standard methods and according to 

protocols approved by Yale University Institutional Animal Care and Use 

Committee (# 2015-11473). Strains used in this study are AB wild type strain, 

Tg(kdrl:gfp)la116 (Choi et al., 2007a) and  Tg(kdrl:ras-mCherry)s896 and 

Tg(cmyb:GFP)zf169 (Bertrand et al., 2010). See Supplemental Experimental 

Procedures for the generation of miR-139 and miR-223 mutants by TALEN 

mutagenesis and the miR-24 allelic series by CRISPR/Cas9 editing. 

 

Identification of endothelial miRNAs and target genes 

Endothelial cells were isolated by FACS from Tg(kdrl:gfp)la116  embryos at 

specified stages of cardiovascular development as described (Ristori and Nicoli, 
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2015). Small RNAs or polyadenylated mRNAs were extracted and deep 

sequenced on an Illumina platform. miRNAs that were highly expressed or 

enriched in endothelial cells were termed “endothelial miRNAs”. Transcripts with 

> 25 FPKM in endothelial cells and identified by at least two target prediction 

programs were considered miRNA target genes. See Supplemental Experimental 

Procedures for detailed RNA-seq protocols, as well as downstream network and 

Gene Ontology analyses.  

 

Tol2 plasmid and Morpholino injections  

Mosaic expression of the tol2-Fli1a-H2B-BFP-p2A-EGFP-Farnesyl vector in 

single endothelial cells was achieved by injecting single-cell embryos with 25 pg 

each of this plasmid and Tol2 transposase mRNA (Yu et al., 2015). One-cell 

embryos were injected with 2 ng of tnnt2a or control morpholino to stop blood 

flow (Packham et al., 2009) or with 5 ng of etv2 or control morpholino to prevent 

ISV angiogenesis (Pham et al., 2007). 

 

Chemical drug treatments  

Embryos were treated with chemical compounds that interfere with the specific 

miRNA-regulated trait. To assay the effects of pharmacological stress on ISV 

morphogenesis, miR-139 mutant and wild type embryos were treated from 80% 

gastrula stage to 32 hpf with 50 or 100 µM of gamma secretase inhibitor IX 

(Calbiochem) or with DMSO vehicle. The miR-24 allelic series and wild type 

embryos were treated from 48 to 54 hpf with 0.2 or 0.5 µM (2'Z,3'E)-6-
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Bromoindirubin-3'-oxime (Enzo Life Sciences) to interfere with HA sprouting or 

with DMSO vehicle. 1 µM or 10 µM S-Nitroso-N-acetyl-DL-penicillamine (Sigma-

Aldrich) was applied to miR-223 mutant and wild type embryos from 24 to 36 hpf 

to disrupt HSPC formation. All drug treatments were administered in egg water 

with 0.003% 1-phenyl-2-thiourea (PTU) to prevent pigmentation for downstream 

analyses, and stopped at the indicated time points by fixing embryos with 4% 

formaldehyde. Drug applications were carried out 2-3 times. 

 

Northern blot analysis and qRT-PCR 

Total RNA was extracted using TRIzol reagent (Life Technologies) according to 

the manufacturer’s protocol. 3-5 μg of total RNA was used for non-radioactive 

Northern blot analysis of miR-139 as described before (Nicoli et al., 2012). 0.5-1 

µg of total RNA was used for qRT-PCR analysis to measure relative miRNA and 

mRNA levels. See Supplemental Experimental Procedures for detailed protocols.  

 

Whole mount in situ hybridization, immunohistochemistry and histological 

staining 

WISH was carried out as previously described with minor modifications (Thisse 

and Thisse, 2008). 1:300 chicken anti-GFP (AbCam) primary and 1:400 Alexa 

Fluor 488 goat anti–chicken IgG (ThermoFisher) secondary antibodies were used 

in immunohistochemistry experiments. Sudan black, o-dianisidine, and alcian 

blue stainings were performed as described (Javidan and Schilling, 2004; Le 
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Guyader et al., 2008; Paffett-Lugassy and Zon, 2005). See Supplemental 

Experimental Procedures for elaborated protocols. 
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FIGURE LEGENDS 

Figure 1. Generation of endothelial miRNA mutants in zebrafish 

(A) Experimental procedure to identify by Illumina sequencing miRNAs 

expressed in fluorescence activated cell (FAC)-sorted Kdrl:GFP+ endothelial cells 

and Kdrl:GFP- non-endothelial cells during the four major stages of zebrafish 

vascular development. Dashed boxes outline the regions examined for 

cardiovascular phenotypes in endothelial miRNA mutant embryos (see Figure 

S1D).  

(B) Heat map depicts miRNA reads per million in FAC-sorted Kdrl:GFP+ 

endothelial cells relative to non-endothelial for two biological replicates at the 

indicated stages for miR-139, miR-24, and miR-223. Color scale ranges from the 

first quartile (Q1) to the third quartile (Q3) fold enrichment values for all 46 

endothelial miRNAs identified (see Figure S1A).  

(C) Average mature miRNA levels relative to U6 snRNA expression as 

determined by quantitative reverse transcription polymerase chain reaction (qRT-

PCR) in FAC-sorted Kdrl:GFP+ endothelial cells at the indicated developmental 

stages. 

(D) Top, lateral trunk view of wild type embryos showing whole mount in situ 

hybridization (WISH) for mature miR-139, labeling cells within the ISV position. 

Confocal image shows the relative position of ISVs in the lateral trunk. Bottom, 

northern blot and respective quantification showing mature miR-139 expression 

relative to total RNA in three biological replicates of 32 hpf embryos treated as 

indicated.  
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(E) Mature miR-24 localization in the ventral head of wild type embryos in relation 

to Kdrl:GFP+ vasculature at the indicated developmental stages. By 6 dpf, miR-

24 remained in vascular cells, but was excluded from cartilaginous and bone 

structures. Arrows point to anatomic landmarks. Yellow arrows point to the region 

captured in zoomed-in images.  

(F) Mature miR-223 localization in the lateral Kdrl:GFP+ trunk vasculature of wild 

type embryos at the indicated stages. At 54 hpf, miR-223 is expressed in cells 

within the caudal hematopoietic tissue located between the DA and CV. Arrows 

show examples of miR-223+ cells. Yellow arrows point to the region captured in 

zoomed-in images. 

(G-I) Schematic representation of the genome editing strategies employed to 

mutagenize endothelial miRNAs. TALENs for single miRNAs and a multiplexed 

CRISPR/Cas9 system for the miR-24 family were targeted to miRNA precursor 

genomic sequences to prevent mature miRNA formation. Grey boxes represent 

the wild type allele. Colored boxes reveal the nature of the mutant allele. See 

also Figure S1C.  

(J-L) qRT-PCR showing average mature miRNA expression normalized to U6 

snRNA levels in miRNA homozygous mutant embryos (J), embryo heads (K) or 

adult fins (L) relative to wild type. For miR-24 mutants, genotypes were 

categorized as a single mutant when two (2, miR-24-4/ and three (3, ex. 

miR-24-1/ 4/) miR-24 alleles were mutated, up to a quadruple mutant which 

lacked all eight miR-24 alleles (8, miR-24-1/ 2/ 3/ 4/). See also 

Figure S2.  
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Bar plots represent mean + S.E.M. and significance calculations were relative to 

wild type embryos. n.s. (not significant, p > 0.05), *p  0.05, **p  0.01, and ****p 

 0.0001, two-tailed Student’s t test. qRT-PCR data represent 2-5 biological 

replicates, and 10-20 embryos from at least two different clutches were examined 

by WISH. Abbreviations: AA, aortic arches; DA, dorsal aorta; CV caudal vein; E, 

eye; EC, endothelial cell; H, heart; HA, hypobranchial artery; ISV, intersegmental 

vessel; PA, pharyngeal arch; PCV, posterior cardinal vein. 

 

Figure 2. miR-139 homozygous mutants exhibit heterogeneity in 

endothelial cell shapes 

(A) WISH of vascular angiogenesis marker cxcr4a in wild type and mutant 

embryos (n = 10-20). Yellow arrows in images (left) point to the ISVs captured in 

confocal projections that show cxcr4a within the lateral Kdrl:GFP+ trunk 

vasculature (middle, right).  

(B) Average fold expression of cxcr4a mRNA in miR-139 tails normalized to 

actb1 and relative to wild type tails at 32 hpf determined by qRT-PCR for 5 

biological replicates.  

(C) cxcr4a WISH and vessel morphology (arrows) in the lateral trunk of wild type 

and mutant embryos (n = 10-20). cxcr4a is expressed during sprouting 

angiogenesis at 26 hpf and downregulated in response to rapid blood flow by 54 

hpf.  

(D) Average ISV length was determined from confocal projections and is 

represented in terms of pixel number (n ≥ 12). 
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(E) Representative images of single endothelial cells expressing tol2-Fli1a-H2B-

BFP-p2A-EGFP-Farnesyl vector in wild type and miR-139 ISVs. Endothelial 

cell nuclei are in blue (H2B-BFP) and membranes are in green (EGFP-Farnesyl).  

(F-G) Phenotypic variability of endothelial cell shapes attributes, filopodia number 

(F) and length (G) is depicted with a violin plot (n = 14 cells). Violin plots show 

probability density. Dashed and dotted lines in box plots show mean and median 

values, respectively.  

(H-I) Bars show quantification of phenotypic variability for filopodia number (H) 

and length (I) as determined by the coefficient of variation.  

(J-K) Evidence-based models showing the probability density curves for filopodia 

number and length under a normal distribution. Endothelial cell shape trait values 

that fall within three standard deviations of the mean define the wild type 

phenotypic spectrum shaded in white. Values that deviate from this physiological 

range are in blue colored regions.  

Bar plots show mean + S.E.M. and significance calculations were relative to wild 

type embryos. n.s. (not significant, p > 0.05), *p  0.05, two-tailed Student’s t test. 

Abbreviations as defined in Figure 1. See also Figure S3. 

 

Figure 3. Enhanced phenotypic variability in hypobranchial artery 

sprouting with diminishing miR-24 activity 

(A) WISH of sox9a mRNA labeling chondrocyte progenitors (left) and alcian blue 

staining of cartilage (right) in the ventral head of wild type and miR-24 mutant 

embryos (n ≥ 6 for all genotypes except n = 2 for quadruple mutants). Numbers 
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indicate the position of pharyngeal arches 1-7. miR-24 genotypes are 

categorized as in Figures 1K and S2.  

(B) Ventral view of Kdrl:GFP+ head vasculature. Arrows point to anatomic 

landmarks. Yellow arrows point to the HA sprout that is captured in zoomed-in 

images. Far right images show diminishing mature miR-24 expression in the 

aortic arches (AA) of the miR-24 allelic series.  

(C) Quantification of HA length at 54 hpf from confocal projections (B) in terms of 

pixel number (n = 12-18 for all genotypes except n = 5-6 for quadruple mutants). 

Violin plots show HA length probability density. Dashed and solid lines in box 

plots are mean and median values, respectively.  

(D) Coefficient of variation for HA length. Bars are mean + S.E.M.  

(E) Evidence driven model showing the probability density curve for HA length 

under a normal distribution. HA length measurements that fall within three 

standard deviations of the mean determine the wild type phenotypic spectrum 

colored white. Values outside the wild type range are in blue shaded regions. 

Significance calculations were relative to wild type embryos. n.s. (not significant, 

p > 0.05), *p  0.05, **p   0.01, ***p   0.001, two-tailed Student’s t test. See 

also Figure S4. 

 

Figure 4. miR-223 does not regulate phenotypic variability of blood cell 

production 

(A) WISH of HSPC marker cmyb at sites of hematopoiesis, namely the DA 

ventral wall at 32 hpf and the caudal hematopoietic tissue between the DA and 
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CV at 54 hpf (n = 10-20). Arrows show examples of cmyb+ cells. Yellow arrows 

indicate the region of the lateral trunk that is depicted in zoomed-in images. 

(B) Mean cmyb expression in miR-223 embryos normalized to actb1 levels 

and compared to wild type as determined by qRT-PCR for three biological 

replicates.  

(C) Representative confocal micrographs of the lateral trunk in embryos 

expressing Tg(kdrl:ras-mCherry)s896 and Tg(cmyb:GFP)zf169. Arrows point to 

examples of kdrl+ cmyb+ hemogenic endothelial cells budding from the DA 

ventral wall at the peak of hematopoiesis. Yellow arrows show region of the 

lateral trunk that is captured in zoomed-in images.  

(D) Quantification of kdrl+ cmyb+ hemogenic endothelial cells (n ≥ 17). Violin 

representations show the probability density. Dashed and solid lines in box plots 

are mean and median values, respectively.  

(E) Coefficient of variation for kdrl+ cmyb+ cell counts.  

(F) Representative sudan black staining of neutrophils in the caudal 

hematopoietic tissue (arrows). Yellow arrows show regions of the lateral trunk 

that are captured in zoomed-in images. 

(G) Quantification of neutrophil cells (n ≥ 30).  Plots as in D.  

(H) Coefficient of variation for neutrophil counts.  

(I-J) Evidence-based models showing the probability density curves for blood cell 

counts under a normal distribution. Data points that fall within three standard 

deviations of the mean define the range for the wild type phenotype shaded in 
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white. Values that deviate from this physiological spectrum are in blue highlighted 

regions.  

Bar plots show mean + S.E.M. and significance comparisons were made with 

wild type embryos. n.s. (not significant, p > 0.05), *p  0.05, **p   0.01, and ***p 

  0.001, two-tailed Student’s t test. Abbreviations as defined in Figure 1. See 

also Figure S5. 

 

Figure 5. Genome wide identification of vascular target gene networks 

regulated by endothelial miRNAs  

(A) Circos plot representations depicting the dynamic regulation of miRNA target 

genes in endothelial cells during vascular development. In the brown sector, 

stage specific heat maps show overall expression levels of genes expressed in 

Kdrl:GFP+ endothelial cells with >25 FPKM (fragments per kilobase of exon per 

million mapped reads) in at least one developmental stage. Genes are ranked by 

their 24 hpf expression level and each tick represents 100 genes. Endothelial 

expressed genes targeted by each miRNA are depicted as links. Colored links 

are unique targets and grey links are shared targets between miR-139, miR-24, 

and miR-223. Links connect target gene expression levels to their changes in 

gene expression between subsequent stages, where red and blue bars show 

upregulation and downregulation, respectively. Differential gene expression 

patterns (colored sectors) for miR-139 (blue), miR-24 (red), and miR-223 (green) 

target genes are depicted.  
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(B-D) Bar plots of vascular target genes significantly enriched in Gene Ontology 

terms for each miRNA. Genes with –log10 (Enrichment P value < 0.05) are 

shown. 

(E-G) Differentially expressed target genes relating to vascular growth and 

remodeling (E, F) and hematopoiesis (G). Color scale reflects log2 (fold change) 

in expression between developmental stages when the defect is first observed. 

Fold changes for miR-139 and miR-223 targets were 48 versus (vs.) 24 hpf, and 

for miR-24 targets were 72 vs. 48 hpf. Shape size corresponds to the relative 

expression level of target genes for miR-139 and miR-223 at 24 hpf and for miR-

24 at 48 hpf. Pro- and anti- designations were assigned based on published 

literature. 

 

Figure 6. Phenotypic heterogeneity increases susceptibility to a disease-

like state upon drug treatment  

(A) Representative images of the trunk vasculature in 54 hpf wild type and miR-

139 mutant embryos treated with the Notch signaling inhibitor GSI or DMSO 

vehicle. Arrows point to ectopic ISV branches.  

(B) Top, violin plots show probability density of ectopic ISV branch number (n = 

11 for DMSO control, n = 21-26 for GSI-treated embryos). Dashed and solid lines 

in box plots are mean and median values, respectively. Bottom, coefficient of 

variation for ISV branch number.  

(C) Evidence-based models showing the probability density curves for ISV 

branch number. White shaded regions in both plots show trait values that fall 
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within three standard deviations of the mean for the sub-dose of drug (GSI 50). 

Values that deviate from this spectrum are in blue highlighted regions with the 

disease-like state determined by the effect of the high drug dose (GSI 100).  

(D) Representative micrographs of HA sprouting (arrows) in 54 hpf wild type and 

miR-24 mutant embryos treated with Wnt agonist BIO or DMSO vehicle. See also 

Figure S2 for the miR-24 genotypes represented in each mutant category. 

(E) HA length quantification and coefficient of variation as in B (n = 12-18 for all 

genotypes except n = 5-6 for quadruple mutants). S = single, D = double, T = 

triple, Q = quadruple mutant. 

(F) Probability density curves for HA length as in C. Sub-dose of drug, BIO 0.2; 

high dose of drug, BIO 0.5.   

(G) Representative confocal projections showing kdrl+ cmyb+ hemogenic 

endothelial cells (arrows) budding from the DA ventral wall in wild type and miR-

223 mutant embryos untreated or treated with the NO donor SNAP at 36 hpf.  

(H) Hemogenic endothelial cell counts and coefficient of variation as in B (n ≥ 

17). UNT = untreated See also Figure S6. 

(I) Probability density curves for cell number as in C. Sub-dose of drug, SNAP 1; 

high dose of drug, SNAP 10.   

For all bar plots, error bars show S.E.M. n.s. (not significant, p > 0.05), *p  0.05, 

***p   0.001, and ****p   0.0001, by two-tailed Student’s t test.  
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FIGURE S1 
(related to Figure 1) 
 

 
 
Figure S1. Creation and reverse genetic screening of zebrafish endothelial miRNA mutants (related 
to Figure 1).  
(A) Left, sequencing reads per million for endothelial miRNAs expressed in cells FAC-sorted from 
Tg(kdrl:gfp)la116. Right, average mature miRNA levels relative to U6 snRNA expression in Kdrl:GFP+ 
endothelial cells as determined by qRT-PCR for two biological replicates. Developmental stages as 
indicated. 
(B) Clustal Omega alignment of mature sequences for endothelial miRNAs characterized in this study.  
(C) Single injection of one-cell zebrafish embryos with either TALENs or a multiplexed CRISPR guide 
RNA pool and Cas9 mRNA to mutagenize a single miRNA gene or multi-gene miRNA families, 
respectively. Founders were outcrossed first with the wild type AB strain and then with the Tg(kdrl:gfp)la116 
strain to visualize the vasculature. Mutations in F0 were identified by an endonuclease assay, whereas 
mutations in subsequent generations were determined by fluorescent PCR fragment analysis. Embryos 
generated from F2 heterozygous in crosses were screened for cardiovascular defects as described in D.  
(D) Table shows the markers and techniques used to screen zebrafish miRNA mutant embryos at the 
indicated stages. We evaluated endothelial-related processes including phenotypes involved in vascular 
development as well as definitive hematopoiesis due to the derivation of HSPCs from hemogenic 
endothelium. Abbreviations: CHT, caudal hematopoietic tissue; HSPC, hematopoietic stem and progenitor 
cell; WISH, whole mount in situ hybridization 
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FIGURE S2 
(related to Figures 1, 3, and 6) 
 

 
Figure S2. Classification of miR-24 genotypes (related to Figures 1, 3, and 6).  
Table lists the miR-24 genotypes evaluated for each mutant category. Genotypes with two or more 
heterozygous copies (ex. 1+/Δ, 2+/Δ, 3Δ/Δ, 4 Δ/Δ) were excluded to simplify the interpretation of miR-24 
mutant phenotypes. 
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FIGURE S3 
(related to Figure 2) 
 
 

 
Figure S3. miR-139 does not regulate vessel outgrowth or flow-responsive processes (related to 
Figure 2). 
(A) Lateral trunk view of WISH for angiogenesis markers etv2 and kdrl and smooth muscle cell marker 
pdgfrβ.  No differences were noted in mutant embryos. 
(B) An increase in cxcr4a expression can result from a moderate disruption in blood flow (Packham et al., 
2009), so we examined WISH markers and sudan black staining for hematopoietic cells. Flow-dependent 
formation of cmyb+ HSPCs (North et al., 2009) and descending hematopoietic lineages were unaffected in 
miR-139Δ/Δ embryos. pu.1+ progenitors and sudan black stained neutrophils were used to mark the 
myeloid lineage. rag1 was used as a marker for lymphocytes.  
(C) At 32 hpf, mature miR-139 expression was not statistically (n.s., p > 0.05.) different by two-tailed 
Student’s t test in tnnt2a morphant embryos, which lack blood flow (Packham et al., 2009), compared to 
control morphant embryos with normal circulation. Northern blot quantification of mature miR-139 
expression relative to total RNA. Bar plots show mean + S.E.M for three biological replicates. 
For all images, arrows indicate representative staining and developmental stages are as indicated (n = 10-20 
embryos). 
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FIGURE S4 
(related to Figure 3) 
 

 
 
Figure S4. miR-24 mutant embryos do not have delay in development (related to Figure 3).  
(A) Bright field images showing a representative lateral view of fixed wild type and miR-24 mutant 
embryos.  
(B) Quantification of head area as a measure of overall growth. Solid line shows mean and data points are 
individual fish. Head size was not statistically different from wild type by two-tailed Student’s t test.  
(C) Dorsal view of central arteries in the Kdrl:GFP+ head vasculature. 
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FIGURE S5 
(related to Figure 4) 
 
 

 
 
Figure S5. miR-223 mutants have a specific defect in HSPC formation and neutrophil differentiation 
(related to Figure 4).  
(A) Confocal projection showing the localization of miR-223 WISH in cmyb:GFP+ HSPCs in the 
vasculature above the yolk extension.  
(B) Lateral view of embryos showing cmyb mRNA localization in the thymus, a definitive site of 
hematopoiesis in zebrafish. Ectopic expression was visible in the miR-223 Δ/Δ embryos. 
(C) WISH localization of vascular angiogenesis markers and vessel morphology revealed by 
Tg(kdrl:gfp)la116. Arrows shows a positively stained ISV. No differences were detected between wild type 
and mutant embryos. 
(D) WISH of lymphocyte marker rag1 in the thymus was unaffected upon loss of miR-223.  
(E) miR-223Δ/Δ embryos exhibited an increase in pu.1+ myeloid progenitors in the caudal hematopoietic 
tissue (arrows), a transient site of hematopoiesis in the tail. Yellow arrows point to the region captured in 
zoomed-in images.  
(F) Quantification shows the fraction of embryos with normal o-dianisidine staining of erythrocytes. 
Erythrocyte staining was not statistically different (n.s., p > 0.05) to wild type embryos by two-tailed 
Student’s t test. Bars show mean + S.E.M. 
For WISH and immunofluorescence experiments, n = 10-20 embryos. 
 
 
 
  



FIGURE S6 
(related to Figure 6) 
 
 

 
 
Figure S6. The HSPC production limit is not reached in miR-223 mutant embryos treated with 
SNAP (related to Figure 6). 
Quantification of kdrl+ cmyb+ hemogenic endothelial cell number in 36 hpf miR-223Δ/Δ embryos (n ≥ 17). 
Bars show mean + S.E.M. Significance comparisons made with untreated (UNT) embryos. n.s. (not 
significant, p > 0.05) by two-tailed Student’s t test. 
 
 
 
 
  



SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
 
Identification of endothelial miRNAs 
As previously described, Kdrl:GFP+ endothelial and Kdrl:GFP- non-endothelial cells were isolated by 
FACS from Tg(kdrl:gfp)la116  embryos at 24 hpf, 48 hpf, 72 hpf and 6 dpf stages of cardiovascular 
development for two biological replicates. Total RNA was extracted from both FAC-sorted populations and 
used to prepare small RNA libraries for deep sequencing on an Illumina platform (Ristori and Nicoli, 
2015). Adaptor sequences were trimmed off using Trimmomatic v 0.36, (Bolger et al., 2014) and resulting 
reads were mapped to the zebrafish Zv9 zebrafish genome version using RNA-STAR v.2.4 aligners (Dobin 
et al., 2013). Uniquely mapped small RNA-seq reads were counted at each gene locus, and normalized to 
total reads per million (RPM). We identified the most abundant and/or enriched miRNAs in endothelial 
cells, which we termed “endothelial miRNAs”. Abundant miRNAs were within the third quartile of the 
expression distribution for each stage of development in endothelial cells. Endothelial-enriched miRNAs 
had a greater than two fold average change in gene expression in endothelial compared to non-endothelial 
cells. 
 
Generation of zebrafish endothelial miRNA mutants 
As previously described, TALENs (Ristori et al., 2015) were used to create miR-139 and miR-223 mutants 
and a multiplexed pool of CRISPR guide RNA pairs and Cas9 mRNA (Moreno-Mateos et al., 2015) was 
used to simultaneously mutagenize all four miR-24 genes. Both strategies were carried out in the 
Tg(kdrl:gfp)la116 background. Mutagenesis was initially determined by restriction endonuclease assay using 
CviAII (NEB) for the miR-139 locus and T7 endonuclease I (NEB) for miR-24 and miR-223 genes. 
Briefly, 50 ng of genomic DNA isolated with the DNeasy Blood and Tissue kit (Qiagen) from a clutch of 
15-20 injected 24 hpf embryos was used to amplify a 200-400 bp region spanning the intended mutation 
site. Differential restriction endonuclease patterns of PCR amplicons indicated successful genome editing. 
Once mutagenesis was confirmed, embryos remaining in the same clutch were raised. F0 founder fish were 
identified and outcrossed first with AB wild type and then with the Tg(kdrl:gfp)la116  strains to allow 
visualization of the developing vasculature. Mutations in adult F0 founders and subsequent generations 
were identified by 6-FAM fluorescent PCR fragment analysis. Genotyping PCR primers are listed in the 
table below. We characterized the nature of the mutant allele by cloning the mutant PCR product in a 
pGEM-T Easy vector (Promega) and sequencing the resulting plasmid. 
 
Northern blot analysis and qRT-PCR 
Total RNA from adult fin clips or pooled embryo heads, tails, or whole bodies was isolated using TRIzol 
reagent (Life Technologies) according to the manufacturer’s protocol. 3-5 µg of total RNA was used for 
non-radioactive Northern blot analysis of mature miRNA levels as described before (Nicoli et al., 2012). 
Hybridization of dre-miR-139 miRCURY LNA probe (Exiqon) occurred at 45˚C. Pixel intensity of the 
mature miR-139 band was quantified using Image J software and normalized to the intensity of total RNA 
stained with ethidium bromide. Normalized mean miR-139 levels represent three biological replicates. 

For quantification of small RNA levels, miScript II RT kit (Qiagen) was used to synthesize cDNA 
from 0.5-1 µg of total RNA according to the manufacturer’s protocol. miScript SYBER Green PCR kit 
(Qiagen) was performed as described by the manufacturer. Mature miRNA expression was normalized to 
U6 snRNA levels and relative to wild type. U6 primers (RNU6B, Hs_RNU6-2_1) were commercially 
provided from Qiagen. A similar procedure was followed to measure mRNA levels, except SuperScript III 
Reverse Transcriptase (Life Technologies) and KAPA SYBER FAST qPCR kit (Kapa Biosystems) were 
used instead. mRNA levels were normalized to the beta actin housekeeping gene, actb1. Reaction was 
according to the manufacturer’s protocol. All qPCR reactions were carried out in triplicate for 2-5 
biological replicates in CFX96 Real-Time System thermal cycler (Bio-Rad). The 2-ΔCT or the 2-ΔΔCT 
methods were used to determine relative gene expression. qPCR primers are listed in the table below. 
miRNA universal reverse primer was provided by Qiagen. 
 
Whole mount in situ hybridization, immunohistochemistry and histological staining 
Embryos subjected to whole mount in situ hybridization (WISH), immunohistochemistry, and histological 
staining were raised in 0.003% PTU starting after the gastrulation stage to prevent pigmentation. Zebrafish 
embryo fixation with 4% formaldehyde and WISH were performed as previously described (Thisse and 
Thisse, 2008) with the following modifications. To detect mRNA expression, digoxigenin labeled 



riboprobes were synthesized using a DIG RNA labeling kit (SP6/T7; Roche Applied Bioscience) and 
hybridized with embryos overnight at 60°C. To detect miRNA expression, double-digoxigenin labeled 
miRCURY LNA probe oligonucleotides (Exiqon) were hybridized overnight at 45-55°C. Post 
hybridization washes occurred at the hybridization temperature and consisted of 2 x 30 minutes (min.) 2x 
SSCTw/50% formamide washes, 1 x 30 min. 2x SSCTw wash, and 2 x 30 min. 0.2x SSCTw. After 
blocking in 5% sheep serum/PBSTw for at least 1 hour, embryos were incubated overnight at 4˚C in 
1:10,000 sheep anti-DIG AP Fab fragments (Roche) in blocking solution. The WISH signal was revealed 
with 1:50 dilution of NBT/BCIP (Roche) in alkaline phosphatase buffer. When immunohistochemistry was 
performed with WISH, 1:300 chicken anti-GFP (AbCam) primary antibody was incubated with anti-DIG 
AP and 1:400 Alexa Fluor 488 goat anti–chicken IgG (ThermoFisher) secondary antibody was applied as 
the last step after WISH development.  
 To better visualize kdrl+ cmyb+ hemogenic endothelial cells, immunohistochemistry was 
performed to amplify the cmyb:GFP signal as follows. After overnight 4% formaldehyde fixation at 4˚C, 
embryos were washed 4-5x with PBSTw, and then washed 3-4 x 5 min. plus 2 hours in blocking solution 
(0.8% Triton-X, 10% normal goat serum, 1% BSA, 0.01% sodium azide in PBSTw. Concentrations of anti-
GFP primary and Alexa Fluor 488 secondary antibodies are as above. Following overnight antibody 
incubation at 4˚C, six washes for a total of 6 hours were performed with blocking solution lacking goat 
serum at room temperature.   
 Sudan black staining (Sigma-Aldrich) of neutrophils (Le Guyader et al., 2008) and o-dianisidine 
staining (Sigma-Aldrich) of erythrocytes (Paffett-Lugassy and Zon, 2005) was performed on at least 30 
embryos per genotype from at least 3 separate clutches as previously reported. Alcian blue staining (Sigma-
Aldrich) of cartilage (Javidan and Schilling, 2004) was performed on 2-3 independent clutches of at least 6 
embryos per genotype except for quadruple mutants where 2 animals were examined. 
 Genomic DNA from whole or portions of embryos was extracted by boiling at 95˚C for 20 
minutes in 25-30 µl of 100 mM sodium hydroxide and then neutralized with ~10-12 µl of 1M Tris-HCl pH 
7.5. 6-FAM fluorescent PCR was carried out with 1-3 µl of genomic DNA using genotyping primers in the 
table below and submitted for PCR fragment analysis.   

The majority of fluorescent images were captured using a Leica Microsystems SP5 confocal 
microscope using a 25X objective except for images of single endothelial cells expressing H2B-
BFP:EGFP-Farnesyl plasmid that were taken with a 40X objective. Max projections were generated with 
the Leica application suite or Perkin Elmer Volocity software. All differential interference contrast 
microscopy images and fluorescent images in Figures 1E and 1F were acquired with the Nikon Eclipse 80i 
microscope with a 20X objective.  
 

WISH probe Reference 
cxcr4a (Chong et al., 2001) 

cmyb (Murayama et al., 2006) 
etv2 (Pham et al., 2007) 

ikaros (Willett et al., 2001) 
kdrl (Liang et al., 2001) 

pdgfrβ (Wiens et al., 2010) 
pu.1/spi1b (Jin et al., 2012) 

rag1 (Willett et al., 1997) 
sox9a (Yan et al., 2002) 

 
 
Phenotypic trait measurements 
Phenotypic trait quantification was carried out on 2-5 clutches from confocal max projections or bright 
field images. All length measurements and miR-24 head size were obtained using Image J software 
(Schneider et al., 2012). For filopodia length and number quantification, at least 14 cells from 4 embryos 
per genotype were examined. The total length of ISVs, starting from the DA to the end of the growing 
vessel, was measured for at least 12 ISVs in four fish per genotype. ISV ectopic branch number was 



obtained from 11 DMSO-treated and 21-26 GSI-treated embryos per condition.  HA size was determined 
by the sum of several measurements along the entire vessel length including both branches that bifurcate 
from the central stem. HA length was evaluated for 5-6 miR-24 quadruple mutants and 12-18 embryos for 
other genotypes. Hemogenic endothelial cell and neutrophil counts were obtained for 17-24 and 30-50 
embryos, respectively. Quantification of phenotypic variability was determined by the coefficient of 
variation calculation (Blevins et al., 2015; Felix and Barkoulas, 2015). Phenotypic trait values are directly 
represented in violin plots or were placed under a normal distribution to generate evidence based theoretical 
models. 
 
miRNA target gene network analysis in endothelial cells 
To identify the transcripts that could be targeted by miR-139, miR-24, and miR-223 in endothelial cells, 
mRNAs were isolated from a single replicate of FAC-sorted Kdrl:GFP+ 24 hpf-6 dpf endothelial cells by 
the poly(A)-capture protocol (Bazzini et al., 2012) and used to prepare libraries for deep sequencing 
according to the Illumina manufacturer’s protocol. Trimmomatic processed sequencing reads were mapped 
to the Zv9 genome using Bowtie 2 (Langmead and Salzberg, 2012). Uniquely mapped reads were 
normalized using Cufflinks (Trapnell et al., 2012) to obtain Fragment Per Kilobase Of Exon Per Million 
Fragments Mapped (FPKM) analysis. 3’UTRs of genes with > 25 FPKM in at least one stage of 
development were analyzed by PITA (Kertesz et al., 2007), RNA22 (Miranda et al., 2006), and TargetScan 
v6.0 (Lewis et al., 2005; Ulitsky et al., 2012) programs for miRNA binding sites complementary to the seed 
regions of mature miR-139, miR-24, and miR-223 sequences. Genes identified by at least two of the 
prediction programs served as putative target genes for these miRNAs in endothelial cells. The Circos 
software package (Krzywinski et al., 2009) provided a genome-wide view of the identified miRNA target 
genes and their overall levels and differential gene expression patterns genes between cardiovascular 
developmental stages. Gene Ontology terms were assigned to target genes using the DAVID software 
(Huang da et al., 2009a, b). Classification of differentially expressed target genes as pro- and anti- 
angiogenic or hematopoietic effectors was based on previous literature. Interactions maps between each 
miRNA and these angiogenic or hematopoietic target genes were created using Cytoscape (Cline et al., 
2007).  
 
Primers  

Primer name F/R Primer sequence (5'-3') Assay 
dre-miR-126 F tcgtaccgtgagtaataatgc qPCR 
dre-miR-22a F aagctgccagctgaagaactgt qPCR 
dre-miR-139 F tctacagtgcatgtgtct qPCR 
dre-miR-150 F tctcccaatccttgtaccagtg qPCR 
dre-miR-223 F tgtcagtttgtcaaatacccc qPCR 
dre-miR-30b F tgtaaacatcctacactcagct qPCR 
dre-miR-30c F tgtaaacatcctacactctcagc qPCR 
dre-miR-30d F tgtaaacatccccgactggaag qPCR 
dre-miR-92a F tattgcacttgtcccggcctgt qPCR 
dre-miR-99 F aacccgtagatccgatcttgtg qPCR 
dre-miR-128 F tcacagtgaaccggtctctttt qPCR 
dre-miR-187 F tcgtgtcttgtgttgcagcc qPCR 
dre-miR-23a F atcacattgccagggatttcca qPCR 
dre-miR-24 F tggctcagttcagcaggaacag qPCR 
dre-miR-27a F ttcacagtggctaagttccgct qPCR 
dre-miR-27b F ttcacagtggctaagttctgca qPCR 
dre-miR-27c F ttcacagtggttaagttctgc qPCR 
dre-miR-27d F ttcacagtggctaagttcttca qPCR 



dre-miR-27e F ttcacagtggctaagttcagtg qPCR 
dre-miR-125a F tccctgagacccttaacctgtg qPCR 
dre-miR-125b F tccctgagaccctaacttgtga qPCR 
dre-let-7a F tgaggtagtaggttgtatagtt qPCR 
dre-let-7b F tgaggtagtaggttgtgtggtt qPCR 
dre-let-7c F tgaggtagtaggttgtatggtt qPCR 
dre-let-7d F tgaggtagttggttgtatggtt qPCR 
dre-let-7e F tgaggtagtagattgaatagtt qPCR 
dre-let-7f F tgaggtagtagattgtatagtt qPCR 
dre-let-7g F tgaggtagtagtttgtatagtt qPCR 
dre-let-7h F tgaggtagtaagttgtgttgtt qPCR 
dre-let-7i F tgaggtagtagtttgtgctgtt qPCR 
dre-let-7j F tgaggtagttgtttgtacagtt qPCR 
dre-cxcr4a F gggctcgtgatcctcatctg qPCR 
dre-cxcr4a R agcagacgatcagaaccacg qPCR 
dre-cmyb F tgctatccagagacactacagc qPCR 
dre-cmyb R agtgcctgttgtcccttcag qPCR 
dre-actb1 F gatctggcatcacaccttctac qPCR 
dre-actb1 R tcttctctctgttggctttgg qPCR 
dre-miR-223 F ccactcaaggtctcgcttt genotyping 
dre-miR-223 R gagagtaacaggatcgcatgg genotyping 
dre-miR-139 F aagtgtagctttccggtcttc genotyping 
dre-miR-139 R gagccttagcctcagacttaac genotyping 
dre-miR-24-1 F aagcccatgaccaaggtaag  genotyping 
dre-miR-24-1 R ttgagacaaacacacatcaagc genotyping 
dre-miR-24-2 F ttctccctctgtctgtgtct genotyping 
dre-miR-24-2 R gtgaaggtgaagcgtccag genotyping 
dre-miR-24-3 F  ttgcacgggccgtattta  genotyping 
dre-miR-24-3 R  tcctccatgaagggatttgtc genotyping 
dre-miR-24-4 F ctggtgtcgatataggctcttatg genotyping 
dre-miR-24-4 R atcctcgatgccttgacttg genotyping 
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