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Abstract
MicroRNAs (miRNAs) are single-stranded small non-coding RNAs, generally 18–25 nucleotides in length, that act as repres-
sors of gene expression. miRNAs are encoded by independent genes or processed from a variety of different RNA species. 
So far, there is no evidence showing that the ribosomal DNA-hosted microRNA is implicated in vertebrate development. 
Currently, we found a highly expressed small RNA hosted in ribosomal DNA was predicted as a novel miRNA, named miR-
ntu1, in zebrafish endothelial cells by deep sequencing analysis. The miRNA was validated by custom-designed Taqman 
PCR, Northern Blot, and in silico analysis. Furthermore, we demonstrated that miR-ntu1 played a crucial role in zebrafish 
angiogenesis via modulation of Notch signaling. Our findings provide a notable case that a miRNA hosted in ribosomal 
DNA is involved in vertebrate development.
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Introduction

MicroRNAs (miRNAs) are single-stranded small non-
coding RNAs, generally 18–25 nucleotides in length, that 
act as repressors of gene expression [1–3]. MiRNAs can 

be encoded by independent genes which contain their own 
miRNA gene promoter and regulatory units, but also can be 
processed from a variety of different RNA species, including 
introns, exons, 3′ UTRs of mRNAs, long non-coding RNAs, 
snoRNAs, and transposons [1, 4, 5]. MiRNAs have been 
involved in diverse roles in fundamental biological processes 
and various aspects of animal development [6, 7], including 
cardiovascular development and disease [8–11].

The eukaryotic ribosome contains four Ribosomal RNAs 
(rRNA), including 5S, 5.8S, 18S, and 28S rRNAs, which 
are essential for the structure and function of ribosomes, 
and transcribed by RNA polymerase [12]. Lately, Chak et al. 
reported a non-canonical miRNA hosted by ribosomal DNA 
in Drosophila [13]. So far, there is no evidence showing 
that the ribosomal DNA-hosted microRNA is implicated 
in vertebrate development. Here we show that a ribosomal 
DNA-hosted microRNA expressed in endothelial cells (ECs) 
regulates zebrafish embryonic blood vessel formation.
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Results

Identification of a novel miRNA miR‑ntu1 
in zebrafish endothelial cells

To characterize the expression profile of miRNAs in 
ECs of developing zebrafish blood vessels, we isolated 
the GFP + cells in Tg(kdrl:EGFP) zebrafish embryos at 
22 h post-fertilization (hpf) by fluorescence-activated cell 
sorting (FACS). The purity of these GFP + cells was vali-
dated by FAC resorting analysis and Taqman PCR analysis 
of marker genes of the ECs as we previously did [14]. 
Endothelial miRNA expression profiles were obtained by 
deep sequencing analysis. The known and novel miRNAs 
were identified by miRDeep2 [15, 16]. The experimental 
pipeline was delineated in diagram (Fig. 1a). Interestingly, 
we found that a highly expressed small RNA, 20 nucleo-
tides in length, was predicted as a novel miRNA, whose 
precursor sequence could form a stem-loop structure 
(Fig. 1b, c). There are 109,806 reads mapped to the pre-
dicted miRNA hairpin and are contained in the sequence 

covered by the predicted mature miRNA (Fig. 1b, Sup-
plementary Data 1). In addition, 79 reads were mapped 
to the predicted miRNA hairpin and are contained in the 
sequence covered by the predicted star miRNA (Fig. 1b, 
Supplementary Data 1). The mature sequence of this pre-
dicted miRNA was validated by northern blot (Fig. 2a). 
Since it has not been registered in miRBase Release 21, 
we named it miR-ntu1. The expression level of miR-ntu1 
is higher than those of the endothelial specific miR-126s, 
miR-30s, and miR-10s, while it is lower than the expres-
sion of miR-144 (Fig. 1d). Through blat analysis of miR-
ntu1 in zebrafish genome, it was mapped to 4 RepeatMas-
ker loci in the zebrafish GRCz10/danRer10, all named 
LSU-rRNA_Hsa of rRNA family (Supplementary Fig. 1).

miR‑ntu1 regulates angiogenesis 
during development

Since miR-ntu1 is highly expressed in zebrafish embry-
onic ECs, we reasoned that it might modulate the blood 
vessel formation. For determining whether this was the 
case, we designed antisense oligonucleotide morpholinos 

Fig. 1   Identification of miR-
ntu1. a The experimental pipe-
line of identification of miR-
ntu1 in zebrafish ECs. b The 
read frequency of mature and 
star miR-ntu1. c The predicated 
structure of pri-miR-ntu1. d The 
relative expression of miR-ntu1 
compared with miR-144, miR-
10s, and miR-126s, which are 
specifically expressed in ECs
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for blocking miR-ntu1. A guide-dicer targeted oligo (miR-
ntu1-MO) was validated to efficiently reduced levels of 
mature miR-ntu1 using Northern Blot and miRNA cus-
tom-designed Taqman PCR (Fig. 2a, b). The miR-ntu1 
morphant zebrafish embryos grossly look normal (Fig. 2c; 
Supplementary Fig. 2a). However, the blood vessel out-
growth is severely disrupted. In control embryo, the 
intersegmental vessels (ISV) sprout from the dorsal aorta 
(DA) and reach dorsal roof to form dorsal lateral anasto-
motic vessel (DLAV) by 30 hpf. In contrast, the ISVs in 

miR-ntu1 morphants grew only halfway, less, or absent 
and usually failed to cross the horizontal myoseptum at 
30 hpf, 48 hpf, even 60 hpf (Fig. 2d, e; Supplementary 
Fig. 2a–c). Furthermore, we found that the number of ECs 
in ISVs was significantly reduced in miR-ntu1-deficient 
embryos (Fig. 2f, g; Supplementary Fig. 2c). In addition, 
co-injection of miR-ntu1 duplex significantly alleviates the 
ISV branching angiogenic defects, suggesting the pheno-
type was specifically caused by miR-ntu1 downregulation 
(Supplementary Fig. 2a, b).
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Fig. 2   miR-ntu1 loss of function results in the blood vessel morpho-
genesis defects in zebrafish embryos. a Northern blot analysis for 
miR-ntu1 in control and miR-ntu1-MO-injected embryos. b Quanti-
tative PCR analysis of control and miR-ntu1-MO-injected embryos 
using the custom-designed TaqMan probe (experiments repeated 3 
times; independent samples = 6). T test; ****P < 0.0001. c Zebrafish 
embryos of control and miR-ntu1 morphants at 48 hpf imaged in 
bright field. d, e Confocal imaging analysis of blood vessel in control 

and miR-ntu1-MO-injected Tg(kdrl:mCherry::fli1a:nEGFP) embryos 
at 30 hpf and 48 hpf. The white dash lines indicate the position of 
horizontal myoseptum. f, g Percent of ISVs with indicated cells/ISV 
in control or miR-ntu1-MO-injected embryos at 30 hpf (experiments 
repeated 3 times; control, n = 18; miR-ntu1-MO, n = 25) and 48 hpf ( 
experiments repeated 3 times; control, n = 20; miR-ntu1-MO, n = 21). 
T test; ****P < 0.0001
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miR‑ntu1 modulates the endothelial tip cell 
behaviors

As miR-ntu1 was involved in blood vessel formation dur-
ing embryonic development, we supposed that it played a 
role in governing endothelial tip cell behaviors. To verify 
this hypothesis, we performed live imaging and time-lapse 
imaging analysis in Tg(kdrl:EGFP) embryos (Fig. 3a, b). 
It was revealed that filopodia extensions of ISV tip cells 
in miR-ntu1 morphants were shorter and less than those of 
controls (Fig. 3b, c). Furthermore, we examined the behavior 
of ISV tip cell nuclei using in vivo time-lapse imaging of 
Tg(fli1a:nEGFP) embryos (Fig. 3d). In the absence of miR-
ntu1, the migration speed and proliferation of ISV tip cells 
was markedly reduced (Fig. 3d–f).

miR‑ntu1 targets dll4 and mib1 in ECs

For identifying the targets of miR-ntu1, we did the target 
prediction using RNAhybrid [17]. In silico analysis, pre-
dicted miR-ntu1 potentially regulates hundreds of genes. A 
short list of target genes were selected for possible involve-
ment in regulation of blood vessel phenotype of miR-ntu1 
morphants, including raf1, smo, lft1, ets1b, tbx20, ppm1k, 
fgf3, kdrb, dll4, and mib1. In vitro luciferase assays dem-
onstrated that miR-ntu1 duplex significantly inhibited the 
expression of luciferase-dll4-3′-UTR and luciferase-mib1-
3′UTR compared with those of controls (Fig. 4a, b). To tes-
tify the functional interaction of miR-ntu1 and these two 
targets in vivo, we performed the fluorescence sensor assay 
in zebrafish embryo. It was confirmed that miR-ntu1 pre-
cursor repressed the expression of mCherry-CAAX-dll4-3′-
UTR and mCherry-mib1-3′-UTR (Fig. 4c, d; Supplementary 
Fig. 3). Through whole-mount in situ hybridization analysis 
and Real-Time PCR, we found that mRNA levels of dll4 
and mib1 in miR-ntu1 morphants were apparently increased 
(Fig. 5a, b). In addition, we found that the EGFP expression 
was elevated in Tg(tp1:EGFP) Notch reporter line (Fig. 5c), 
which expresses enhanced green fluorescent protein upon 
Notch activation. These results indicate that miR-ntu1 tar-
gets the 3′-UTR of dll4 and mib1 and thereby modulates 
Notch signaling pathway.

Reducing dll4 and mib1 restores the vascular defects 
in miR‑ntu1‑deficient embryos

Our results suggested that up-regulation of Notch signaling 
is the likely cause of angiogenic defects in miR-ntu1-defi-
cient embryos. If this was the case, then inhibition of Notch 
signaling level would partially rescue the vascular phenotype 
of miR-ntu1-deficient embryos. To investigate this possibil-
ity, we knocked down dll4 and mib1 using morpholino oli-
gos in miR-ntu1 morphants and then examined the vascular 

phenotypes including ISV length and EC numbers. Knock-
down of dll4 and mib1 greatly normalized both sprout length 
and ISV cell numbers (Fig. 5d–f). Likewise, inhibition of 
Notch signaling using DAPT (γ-secretase inhibitor) signifi-
cantly alleviated the vascular defects of miR-ntu1-deficient 
embryos (Fig. 5d–f).

Discussion

In present study, we showed that a ribosomal DNA-hosted 
microRNA, miR-ntu1, was highly expressed in zebrafish 
embryonic endothelial cells. Inhibition of miR-ntu1 impairs 
the endothelial tip cell behaviors and disrupts the interseg-
mental vessel branching angiogenesis. Unfortunately, there 
are several repeats of miR-ntu1 in different chromosomes 
of zebrafish. Therefore, it is hard to get the homozygous 
mutant. In silico analysis indicated that miR-ntu1 potentially 
targets hundreds of genes. With sensor assays, mib1 and dll4 
were identified to be the possible downstream genes of miR-
ntu1. Then, we demonstrated that the levels of mib1, dll4, 
and Notch signaling were elevated in miR-ntu1 morphants. 
In addition, inhibition of Notch partially restored the angio-
genic defects of miR-ntu1 morphants. These results suggest 
that miR-ntu1 regulates zebrafish angiogenesis by modulat-
ing Notch signaling, depicted in a working model (Fig. 6).

Currently, accumulating evidences indicate that Notch 
signaling is vital for vascular morphogenesis includ-
ing arterial and venous differentiation and endothelial tip 
and stalk cell specification during sprouting angiogenesis 
[18–24]. Dll4-Notch signaling is generally considered as a 
negative regulator of branching angiogenesis [20]. Mib1 is 
involved in the processing of Delta, a key endogenous ligand 
for Notch [25]. It has also been implicated in regulation of 
angiogenesis [26, 27]. In addition, a few of miRNAs were 
reported to regulate blood vessel formation by targeting the 
components of Notch signaling including dll4 [28, 29] and 
mib1 [14]. Here we describe an endothelial-expressed novel 
miRNA, miR-ntu1, which plays a crucial role in zebrafish 
angiogenesis via regulation of dll4 and mib1, being consist-
ent to that one gene which is targeted by many different 
miRNAs [30, 31]. Since the angiogenic defects caused by 
deficient of miR-10 and miR-30 were involved in Notch sin-
gling as well, we compared these with angiogenic defects in 
miR-ntu1 morphants. It was found that all these phenotypes 
were greatly restored by inhibition of Notch signaling. How-
ever, the angiogenic phenotypes caused by loss of miR-ntu1 
function were more severe than those in miR-10 and miR-30 
morphants [14, 28, 32], which might be explained at least 
by two possible reasons. The first one is that the expression 
level of miR-ntu1 is conspicuously higher than those of miR-
10s (including miR-10a, b, c) and miR-30s (including miR-
30a, b, c, d, e.) (Fig. 1d). The second one is that miR-ntu1 
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Fig. 3   miR-ntu1 regulates ISV tip cell behaviors. a Still images 
from in vivo time-lapse imaging analysis of ISV tip cell filopodia in 
Tg(kdrl:EGFP) embryos. Time (hpf) is noted at the top. Red arrow-
heads indicate filopodia extensions. b Confocal imaging analysis of 
ISV tip cell filopodia in Tg(flila:EGFP) embryos with HD detection 
setting. Red arrowhead indicates filopodia extensions. c ISV tip cell 
filopodia number in per ISV of control embryos and miR-ntu1 mor-
phants (experiments repeated 2 times; control, n = 5; miR-ntu1-MO, 

n = 6; for each embryo three ISVs were analyzed). Mann–Whitney U 
test; ***P < 0.001. Time (hpf) is noted at the top. Nuclei of ISVs are 
numbered. e Migration speed of ISV tip cells (experiments repeated 
2 times; control, n = 6; miR-ntu1-MO, n = 7). T test; ***P < 0.001. f 
Percentage of ISVs with tip cell division in control embryos and miR-
ntu1 morphants (experiments repeated 2 times; control, n = 6; miR-
ntu1-MO, n = 8). T test; ***P < 0.001
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regulates two components of Notch signaling, both dll4 and 
mib1, whereas miR-10 and miR-30 targets one of them.

To date, a few studies have reported the discovery and 
functions of rRNA-derived miRNAs or miRNA-like small 
RNAs [13, 33–36]. Many rRNA-annotated fragments of 
miRNA-like size have been detected in high-throughput 
RNA sequencing studies; however, the sequences mapped to 
ribosomal RNAs (rRNAs) were mostly considered to be deg-
radation products, and therefore discarded [33]. In present 
study, we identified a ribosomal DNA-hosted small RNA 
in a deep sequencing analysis of zebrafish ECs. This small 
RNA was predicted as a miRNA by miRDeep2 algorithm. In 
addition, the frequency curve of miR-ntu1 mature sequence 
mapped to the rDNA displayed a high peak (Fig. 1b), with a 
single sequence having 21,242 read counts, suggesting the 
mature sequence was not generated by random degradation 
products of rRNA. Moreover, miR-ntu1 was validated by 

northern blot and custom-designed Taqman PCR analy-
sis. Furthermore, it was revealed to play a crucial role in 
zebrafish blood vessel formation. Taken together, our find-
ings provide a notable case that a miRNA hosted in riboso-
mal DNA is involved in vertebrate development.

Materials and methods

Ethics statement

All animal experimentation was carried out in accordance 
with the NIH Guidelines for the care and use of laboratory 
animals (http://oacu.od.nih.gov/regs/index​.htm) and ethi-
cally approved by the Administration Committee of Experi-
mental Animals, Jiangsu Province, China (Approval ID: 
SYXK (SU)2007–0021).
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Zebrafish

The study was conducted conforming to the local insti-
tutional laws and the Chinese law for the Protection 

of Animals. Zebrafish embryos and adult were raised 
and maintained under standard conditions as we previ-
ously described [37, 38]. Transgenic zebrafish lines, 
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(d-MO, dll4-MO; m-MO, mib1-MO), experiments repeated 3 times. 
(control, n = 17; DAPT, n = 17; dll4-MO, n = 17; mib1-MO, n = 17; 
miR-ntu1-MO, n = 17; miR-ntu1-MO + dll4-MO + mib1-MO, n = 33; 
miR-ntu1-MO + DAPT, n = 17). One-way ANOVA; ****P < 0.0001. 
f Quantification of embryos with indicated ISV phenotypes of differ-
ent sprout lengths. (control, n = 17; DAPT, n = 17; dll4-MO, n = 17; 
mib1-MO, n = 17; miR-ntu1-MO, n = 17; miR-ntu1-MO + dll4-
MO + mib1-MO, n = 33; miR-ntu1-MO + DAPT, n = 17), experiments 
repeated 3 times. For each embryo, 5 ISVs in the 6th, 7th, 8th, 9th 
and 10th somites were analyzed. χ2; ***P < 0.001
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Tg(fli1:nEGFP), Tg(kdrl:EGFP), and Tg(kdrl:mCherry), 
were used as described in previous work [14, 28, 39].

Injection of morpholinos, microRNA precursor, 
and construct

Morpholino antisense oligomers (MO, Gene Tools) were 
prepared according to the manufacturer’s protocol. The 
MO and miRNA precursor sequences used are listed in the 
following:

Dre-miR-ntu1-MO (5 ng), 5′-GAG​GCG​TTC​AGT​CAT​
AAT​CCC​GCA​G-3′;
Mib1-MO (6 ng), 5′-GCA​GCC​TCA​CCT​GTA​GGC​GCA​
CTG​T-3′;
Dll4-MO (3 ng), 5′-GTT​CGA​GCT​TAC​CGG​CCA​CCC​
AAA​G-3′;
Control-MO (8 ng), 5′-CCT​CTT​ACC​TCA​GTT​ACA​ATT​
TAT​A-3′;

0.025 pmol miR-ntu1 and a universal scrambled negative 
control were injected into embryos at 1-2-cell stage.

Tg(fli1a:mCherry-CAAX-dll4 3′UTR::fl1a:EGFP-CAAX) 
and Tg(fli1a:mCherry-mib1 3′UTR::fli1a:EGFP) construct 
and Tol2 transposase mRNA mixture were injected into 1-2-
cell stage wildtype fertilized egg (1 ng / embryo).

Gene and microRNA expression analysis 
by quantitative PCR, RT‑PCR, and northern blot

Total RNA of zebrafish embryos was isolated with Trizol 
(Invitrogen). Quantity of extracted RNA was analyzed using 
Nanodrop according to the manufacturer’s instructions, fol-
lowed by cDNA synthesis using the Transcriptor First Strand 
cDNA Synthesis Kit (Roche) according to the manufactur-
er’s instructions. Synthesized cDNA was stored at − 20 °C. 
The custom-designed dre-miR-ntu1 TaqMan® MicroRNA 
Assays were purchased from Thermo Fisher Scientific Inc. 

The experiments were performed according to the manu-
facturer’s instructions. For quantitative PCR, experiments 
were repeated 3 times, 5–10 embryos per pool, 2 pools per 
treatment, 3 technical replicates per run. The primers for 
RT-PCR and real-time PCR are listed, for ef1a (Accession: 
NM_131263.1):

Forward primer, 5′-TGA​TCT​ACA​AAT​GCG​GTG​GA-3′;
Reverse primer, 5′-CAA​TGG​TGA​TAC​CAC​GCT​CA-3′.
For dll4 (Accession: NM_001079835.1):
Forward primer, 5′-attccccatgctttcacaag-3′;
Reverse primer, 5′-tccatccttctctcgcagtt-3′.
For mib1 (NM_173286.3)
Forward primer, 5′-gaactgtgcaagcctgatga-3′;
Reverse primer, 5′-cagtggcatcctccatacct-3′.

Total RNA was extracted from control and miR-ntu1-
MO-injected zebrafish embryos at 30 hpf using Trizol (Inv-
itrogen). Northern blotting for miR-ntu1 was performed as 
described previously [28]. Briefly, 15 µg of zebrafish Total 
RNA was loaded onto an 12% acrylamide gel with 8 mol/L 
urea, electro-transferred to Nylon membrane (GE Health-
care), and hybridized with 32P-end-labeled species-specific 
LNA probes at 50 °C for 16 h. Membranes were washed 
twice for 10 min each time.

Whole‑mount in situ hybridization

Whole-mount in situ hybridization with antisense RNA 
probes (dll4, mib1) was performed as previously described 
[14, 28].

Luciferase assays and microRNA sensor assay 
in zebrafish

The dual-luciferase reporter constructs were all derived from 
the psiCHECK-2 vector (Promega). Zebrafish mib1 3′UTR/
mutated mib1 3′UTR and dll4 3′UTR/mutated dll4 3′UTR 

Fig. 6   A working model for 
the function of miR-ntu1 in 
angiogenesis. Loss of miR-
ntu1 leads to up-regulation of 
the Notch signaling pathways, 
which inhibits angiogenesis. 
Reducing dll4 and mib1 in miR-
ntu1 morphants alleviated the 
angiogenetic defects
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were inserted between the XhoI–NotI restriction sites in the 
multiple cloning regions in the 3′ UTR of the hRluc gene. 
Advantage® 2 DNA Polymerase Mix (Clontech Labora-
tories, Inc.) is used for the PCR amplification. psiCheck2-
mib1/dll4-3′UTR reporter assay construct was transfected 
into HeLa cells with or without miR-ntu1 duplex. Reporter 
assays were performed with the Dual-Luciferase Reporter 
Assay System (Promega). 24 h after transfection, cells were 
lysed and Luciferase activity measured as indicated by the 
manufacturer. Reporter activity was adjusted for the internal 
Renilla luciferase controls and is expressed as relative to 
control.

The following two pairs of primers were used for cloning 
the insertion fragment.

Mib1-3′UTR-Xho1-left: 5′-ATC​CGC​TCG​AGT​CTC​ATA​
AGC​ACC​TTC​CCC​G-3′
Mib1-3′UTR-Not1-right: 5′-ATA​GCG​GCC​GCT​CTC​
AGA​CCA​GGG​CAG​TTT​T-3′
Dll4-3′UTR- Xho1-left: 5′-ATC​CGC​TCG​AGC​AAG​GGA​
CTC​CGT​GTA​CCA​GT-3′
Dll4-3′UTR- Not1-right: 5′-ATA​GCG​GCC​GCC​TGG​
GCA​CAA​ACA​TAG​CAC​TC-3′.

The plasmids with mutated target sequences of dll4 and 
mib1 3′UTR were derived from these above plasmids. The 
constructs for microRNA sensor assay in zebrafish were syn-
thesized and sub-cloned by Union-Biotech (Shanghai). The 
same sequences of dll4 and mib1 mRNA 3′UTR in luciferase 
reporter constructs were included in the microRNA sensor 
assay transgenic constructs. The procedure of microinjection 
of these microRNA sensor assay plasmids was as previously 
described [40]. The florescence-labeled transgenic zebrafish 
lines for sensor assay were photographed using confo-
cal microscope (details in “Imaging” section). mCherry/
EGFP ratio indicates relative voxel intensities derived from 
3-dimensional reconstructions of confocal images. EGFP 
was used as a control.

Drug treatment

DAPT, a γ-secretase inhibitor, was purchased from Sigma-
Aldrich and dissolved in DMSO. DAPT was used at a final 
concentration of 100 µM diluted as our pervious descrip-
tion [14]. Egg water containing DMSO alone was utilized 
as control.

MicroRNA library preparation and sequencing, 
novel miRNA prediction, and target prediction

Total RNA was isolated using Trizol reagent (Thermo Sci-
entific) according to the manufacturer’s protocol. Qual-
ity of total RNA was controlled using Nanodrop (Thermo 

Scientific) and 21,000 Bioanalyzer (Agilent Technologies) 
analyses. Illumina sequencing libraries were prepared 
according to the Illumina preparation kit protocol. Micro-
RNA libraries generated from zebrafish ECs were sequenced 
on the Genome Analyzer 2 (Illumina). RNA sequences 
detected by small RNA deep sequencing were mapped to 
the genome and analyzed using MirDeep2. Target prediction 
of miR-ntu1 was carried out by RNAhybrid (http://bibis​erv.
techf​ak.uni-biele​feld.de/rnahy​brid/).

Imaging

For confocal imaging of blood vessel development in 
Tg(kdrl:EGFP) and Tg(fli1a:nEGFP) zebrafish embryos, 
they were anesthetized with egg water/0.16 mg/mL tric-
aine/1% 1-phenyl-2-thiourea (Sigma) and embedded in 0.6% 
low melting agarose. Confocal imaging was performed with 
a Leica TCS-SP5 LSM. Analysis was performed using Ima-
ris software. For the results of in situ hybridization, images 
were recorded under Olympus stereomicroscope MVX10 
and a DP70 camera.

Statistics

Statistical analysis was performed using GraphPad Prism® 
software. T test, Mann–Whitney U test, one-way ANOVA, 
and Chi-square were used. (P < 0.05).
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