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Background—Long noncoding RNAs (lncRNAs) have emerged as critical epigenetic regulators with important functions in
development and disease. Here, we sought to identify and functionally characterize novel lncRNAs critical for vertebrate
development.
Methods and Results—By relying on human pluripotent stem cell differentiation models, we investigated lncRNAs
differentially regulated at key steps during human cardiovascular development with a special focus on vascular endothelial
cells. RNA sequencing led to the generation of large data sets that serve as a gene expression roadmap highlighting gene
expression changes during human pluripotent cell differentiation. Stage-specific analyses led to the identification of 3
previously uncharacterized lncRNAs, TERMINATOR, ALIEN, and PUNISHER, specifically expressed in undifferentiated
pluripotent stem cells, cardiovascular progenitors, and differentiated endothelial cells, respectively. Functional
characterization, including localization studies, dynamic expression analyses, epigenetic modification monitoring, and
knockdown experiments in lower vertebrates, as well as murine embryos and human cells, confirmed a critical role for
each lncRNA specific for each analyzed developmental stage.
Conclusions—We have identified and functionally characterized 3 novel lncRNAs involved in vertebrate and human
cardiovascular development, and we provide a comprehensive transcriptomic roadmap that sheds new light on the
molecular mechanisms underlying human embryonic development, mesodermal commitment, and cardiovascular
specification. (Circulation. 2015;131:1278-1290. DOI: 10.1161/CIRCULATIONAHA.114.013303.)
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T

he advent of novel sequencing technologies has revealed
that <2% of the human genome encodes for proteins.1–3
Interestingly, despite not being translated into proteins,
a large fraction of the mammalian genome is transcribed
into what is known as noncoding RNAs (ncRNAs).1–3 The
consistent observation of pervasive transcription originating from these noncoding sites suggests that ncRNAs might
play a key role in fundamental biological functions.1–3 To
date, thousands of ncRNAs have been putatively described.
However, the precise functional roles of the vast majority
remain unclear.4–6
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Among the different classes of ncRNAs, long ncRNAs
(lncRNAs), broadly defined as those noncoding transcripts
larger than 200 nucleotides,1 represent one of the largest and
least understood nucleic acid molecules in vertebrates. Overall,
>9000 genomic loci are predicted to code for these transcript
subclasses in the human genome.5,7,8 Reports describing important developmental roles for certain lncRNAs in various vertebrates have appeared over the last few years.9–11 Low expression
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levels and poor sequence conservation have limited the identification and functional characterization of novel lncRNAs.12
With the combination of novel sequencing and analytic technologies and the powerful platforms that pluripotent stem cell
models provide for the study of human embryonic development, these limitations can now be circumvented.
Using a methodology recently developed in our laboratory
that allows the highly efficient generation of human cardiovascular progenitor cells of mesodermal origin and terminally
differentiated vascular endothelial cells,13 we report here
the identification and functional characterization of 3 novel
human lncRNAs indispensable for the development of the cardiovascular system in different vertebrate species.

Methods
Cell Culture
H1 (WA1, WiCell; passage 25–40) human embryonic stem cells
(hESCs) were used for differentiation studies. Terminally differentiated primary human umbilical vein endothelial cells (HUVECs) were
used to investigate the transcriptome and functional roles of lncRNA
candidates in unmodified vascular endothelial cells. Briefly, hESCs
were cultured in chemically defined growth media, mTeSR (Stemcell
Technologies), on growth factor–reduced Matrigel (BD Biosciences)coated plates. After 70% to 80% confluent hESCs were treated with
dispase (Invitrogen) for 7 minutes at 37°C, the colonies were dispersed
to small clusters and lifted carefully with a 5-mL glass pipette at a ratio
of ≈1:6. HUVECs, purchased from Promocell, were cultured in endothelial basal medium supplemented with endothelial growth medium
SingleQuots (Lonza). hESC-derived endothelial cells were cultivated
in endothelial growth medium-2 bullet kit media (Lonza). Endothelial
cells were grown on collagen I–coated plates (BD Biosciences). All
cell lines were maintained in an incubator (37°C and 5% CO2) with
media changes every day (hESCs) or every second day (HUVECs).

Cell Lineages Analyzed
Pluripotent stem cells were differentiated into early mesoderm-derived
cells including c-Kit+ and KDR+ cardiovascular progenitors (day 2–4 of
differentiation) and committed CD34+CD31+ bipotent vascular progenitor cells (day 4–8 of differentiation) as previously described.13 Kurian
et al13 provides detailed characterization of the differentiation methodologies and cell types generated. Terminally differentiated primary
HUVECs were also included in our analyses as positive controls, and
no significant differences between differentiated endothelial cells and
HUVECs were found.13 Briefly, for the generation of early cardiovascular progenitors (day 2–4) and committed vascular progenitor cells (day
4–8), undifferentiated hESCs were freshly split onto Matrigel-coated
plates, making sure that the subcolonies were of small size (≈300–500
cells per colony). Cells were differentiated to different progenitor stages
with the use of a chemically defined mesodermal induction media as
previously described13 (Dulbecco modified Eagle medium:F12, 15 mg/
mL stem cell–grade BSA [MP Biomedicals], 17.5 μg/mL human insulin [SAFC Bioscience], 275 μg/mL human holo transferrin [Sigma
Aldrich], 20 ng/mL basic fibroblast growth factor [Humanzyme], 50 ng/
mL human vascular endothelial growth factor-165 aa [Humanzyme], 25
ng/mL human bone morphogenetic protein 4 [Stemgent], 450 μmol/L
monothioglycerol [Sigma Aldrich], and 2.25 mmol/L each l-glutamine
and nonessential amino acids [Invitrogen]). Switching day 8 mesodermal
induction media–differentiated cells to endothelial growth medium-2
media as described13 induced endothelial cell differentiation. HUVECs
are of primary origin and were therefore not modified during our studies.

RNA Sequencing
Total RNA from roughly 1×107 cells of each of the groups indicated
above was isolated with TRIzol (Invitrogen). Intact total RNA samples
were treated with DNase1 and sent to the Beijing Genomics Institute
for sequencing. Before sequencing, all samples were subjected to

quality control processes to ensure the lack of contaminating DNA
and the integrity of the RNA. All the RNA samples met the following RNA quality threshold: optical density (OD)260/280=2 to 2.2;
OD260/230≥2.0; 28S:18S>1.0, RNA integrity number>7. Wholetranscriptome sequencing was then performed. Briefly, TruSeq
Stranded Total RNA with a Ribo-Zero Human Kit (Illumina) was used
to remove ribosomal RNA and to prepare strand-specific paired-end
RNA sequence libraries. Ninety million 2× 100-bp paired end reads
were sequenced on an Illumina HiSeq2000 instrument for each library.
Reads were aligned to the hg19/GRCh37 version of the human genome
by the use of STAR (version 2.1.4a). Only reads that aligned to a single
unique location were kept for further analysis. Quantification of reads
on each strand in 10-kb windows across the entire genome and comparisons with DNA sequencing data were used to further evaluate RNA
purity and integrity (Figure I in the online-only Data Supplement).

Primers Used in This Study
Table I in the online-only Data Supplement provides a list of primers
and their respective sequences.

Morpholino Embryo Injections
Morpholinos (Gene Tools) were designed against highly conserved
regions in the lncRNAs or alternatively to block putative splice sites
(Table II in the online-only Data Supplement). A pair of morpholinos
was generated and tested per lncRNA. For zebrafish injection, morpholinos were dissolved in water at a 2-mmol/L stock concentration and
diluted to a 2-ng/nL working concentration in PBS/phenol red solution. Embryo injections were performed by injecting ≈1 nL morpholino
solution at the 1-cell stage with the use of a FemtoJet (Eppendorf).
Morphants were evaluated at 24, 48, 72, and 96 hours in a StereoLumar
stereoscope (Zeiss). For murine experiments, CD-1 female mice were
superovulated by injecting pregnant mare’s serum gonadotropin followed by human chorionic gonadotropin 48 hours later. The female
mice were housed with males after human chorionic gonadotropin
injection. One-cell–stage embryos were collected the next day after
20 hours and were injected with 10 pL of 2-nmol/L stock Terminator
morpholino with a FemtoJet. The embryos were cultured until the blastocyst stage in K-modified simplex optimized medium, and RNA was
extracted with the use of an RNeasy Mini Kit (Qiagen).

Data Availability
All data sets in this study are available in the National Center for
Biotechnology Information Gene Expression Omnibus under the
accession number GSE54969.

Statistical Evaluation
Statistical analyses of all end points were performed by statisticians at
the Salk Institute and University of California San Diego using Excel,
SPSS, or GraphPad software. All data presented a normal distribution. Statistical significance was evaluated with a standard unpaired
Student t test (2 tailed; P<0.05) when appropriate. For multiple-comparison analysis, 1-way ANOVA with the Dunnett posttest correction
was applied when appropriate (P<0.05). Comparisons of groups with
small sample sizes (n<6) were performed as follows: Mann-Whitney
test (2 sided; 95% confidence level; P<0.05) was used, and a KruskalWallis test with the Dunn posttest correction (P<0.05) was applied
for multiple comparisons. All data are presented as mean±SD and
represent a minimum of 3 independent experiments with at least 3
technical replicates unless otherwise stated.

Results
Noncoding RNAs Account for Half of the
Transcriptome During Human Vascular
Differentiation
With the goal of identifying and functionally validating
novel genetic elements underlying cardiovascular vertebrate
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development, we first decided to perform an RNA sequencing–based screening of transcripts differentially regulated
during stem cell differentiation. We focused on our recently
reported methodology for the efficient differentiation of
human pluripotent cells to early c-Kit+ cardiovascular progenitors, committed CD34+CD31+ vascular progenitors,
and terminally differentiated functional vascular cells.13 We
selected 5 different stages: undifferentiated hESCs, mesoderm committed cells (day 2; KDR+), early cardiovascular
progenitor cells (day 4; c-Kit+), committed vascular progenitor cells (day 8; CD34+CD31+), and vascular endothelial cells
(VE-cadherin+endoglin+). Kurian et al13 provide detailed characterization of the generated cell lineages (Figure IA in the
online-only Data Supplement). After rRNA depletion and
size removal of species whose length was smaller than 150
nucleotides, we generated data sets with a sequencing depth of
90 million paired-end reads of 100 bp per sample (Figure 1A
and 1B and Figure IIB and IIC and Table III in the onlineonly Data Supplement). To provide an overall estimation of
the transcriptome changes occurring during the differentiation of pluripotent cells to vascular progenitor cells, we first
decided to collectively assess global expression changes in
all cell lineages, including early c-Kit+ cardiovascular cells
appearing from day 2 to 4 during the course of differentiation and committed vascular progenitor cells (day 4–8).13 To
describe the global transcriptomic changes across the genome,
we investigated the genomic coverage of RNA sequencing
data (at least 1 read). All different cell types indicated that
≈56% of the genome was transcriptionally activated during
vascular progenitor cell differentiation14–17 (Figure IIB in the
online-only Data Supplement). More than 25 000 transcripts
were expressed on differentiation (reads per kilobase per million >0.1), with 13 796 transcripts exhibiting at least 3-fold
changes in expression. Among these 13 796 transcripts, a total
of 44% represented ncRNAs (Figure 1A and Figure IIB in the
online-only Data Supplement). After the exclusion of repetitive sequences, we identified a total of 406 novel transcripts
that were not annotated previously in any database (83 were
promoter antisense, 188 were intergenic, and 135 were antisense gene sequences).14–17 By considering both annotated and
nonannotated transcripts, we observed that one of the largest groups differentially regulated during differentiation was
lncRNAs (≈1924). These observations therefore suggest that
lncRNAs have a functional involvement during mesoderm
development and cell fate specification.5,9,10,18

Noncoding RNA Regulation Accounts for the
Majority of Transcriptomic Changes Regulating
Lineage Specification
Next, we focused our attention on the analyses of each respective cell lineage generated during differentiation. Similar to
recent reports,19,20 we validated the robustness of our system
by focusing our attention on genes characteristic of each of the
different stages analyzed: pluripotent cells (day 0; POU5F1
[Oct4], NANOG, SOX2, ZFP42),13,19 mesoderm-committed
cardiovascular progenitor cells (day 2–4; T [Brachyury],
MSX1, GSC, EOMES, WNT3A, SNAI2, EVX1),9,10,13 committed vascular progenitor cells (day 4–8; GATA1, GATA2,
LMO2, ETS1, HOXB4),13,21 and endothelial cells (CDH5,

VWF, EPHB2, NRF2F2, ENG)13 (Figure 1C). As expected,
all genes appeared upregulated at the corresponding developmental stages (Figure 1C). Gene ontology analysis highlighted
the expression of key genetic circuitries driving cardiovascular commitment (upregulated at day 2) and blood vessel and
heart development (upregulated from day 2–8; Figure 1D).
These results are in agreement with previous reports and further demonstrate that early cardiac and vascular developmental programs share common genetic pathways before further
cell-type specification in humans.21,22 Chromatin modification analysis identified an increasing number of bivalent sites
as differentiation progressed, for both protein-coding and
lncRNA sites (Figure 1E and Figure IID in the online-only
Data Supplement). Differentiation to endothelial cells resulted
in the upregulation of >1000 genes and the downregulation
of ≈2500 genes (Figure 1B). Genome-wide methylation profiling highlighted significant hypomethylation at lncRNA
sites (19%; Figure IIE in the online-only Data Supplement).
Together, these results suggested an important regulatory
role for lncRNAs during lineage specification (eg, compared
with 5% for microRNAs; Figure IIE in the online-only Data
Supplement).

Identification of ncRNAs Differentially
Regulated During Human Pluripotent Stem Cell
Differentiation to Vascular Endothelial Cells
To identify enriched DNA motifs acting as regulatory elements, we used HOMER, an analytic tool suitable for promoter enrichment analyses.15 Promoter motif enrichment
(−300, +50 bp from the transcriptional start site) revealed
that transcripts differentially expressed during differentiation
harbor binding sites for the major transcriptional networks
regulating vascular development compared with nonregulated promoters (Figure 1F). Key developmental drivers differentially regulated in a time-dependent manner included
members of the homeobox gene family, mesodermal regulators (EOMES, GATA, SMAD), and vascular transcription factors (ETS, HIF; Figure 1F). Interestingly, lncRNAs made up
the largest class of noncoding transcripts subjected to strict
temporal regulation patterns during differentiation. These
results are in line with the notion that lncRNAs are more
tightly controlled in terms of timing and cell-type specificity than protein-coding transcripts.18,23 We then selected 4
distinct groups of lncRNAs, corresponding to the 4 top-level
clusters, highlighted by hierarchical clustering (Figure IIIA
in the online-only Data Supplement). These 4 distinct groups
had the highest average dissimilarity between one another
and correlated with the different developmental stages analyzed, with ≈300 lncRNAs expressed specifically in pluripotent stem cells, ≈100 in mesodermal progenitors (day 0–2),
≈250 in early cardiovascular progenitor cells (day 2–4), ≈550
in late vascular progenitors (day 4–8), and finally, ≈200 in differentiated endothelial cells (Figure IIIA in the online-only
Data Supplement). Furthermore, antisense lncRNA expression demonstrated a positive correlation with the respective
sense protein-coding counterparts in many cases (Figure IIIB
in the online-only Data Supplement). We next used a stringent
5-step filtering process at each indicated differentiation stage
to identify novel lncRNAs, the sequence and functionality of
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Figure 1. Transcriptome kinetics during human embryonic stem cell differentiation to endothelial cells. A, Annotation of transcripts expressed
>0.1 reads per kilobase per million (RPKM) during differentiation of H1 human embryonic stem cells into endothelial cells. B, Total genes
regulated >3-fold between key stages of vascular differentiation. Fractions attributed to lncRNA regulation are shown in dark gray and black.
C, Dynamics of key lineage-restricted markers during vascular differentiation from human embryonic stem (ES) cells to endothelial cells. D,
Gene ontology enrichment for biological processes regulated at each specific stage of differentiation. E, Contour plots depicting the relative
fraction of genes presenting bivalent methylation marks (H3K4me3 and H3K27me3) at promoters of each gene (ChIP-Seq reads [log2] from −2kb,
+2kb from the GENCODE TSS). Bivalent genes are defined as those with >5 (log2) normalized ChIP-Seq reads. Pie chart represents the summary
of genes activated during vascular differentiation that are driven by bivalent promoters, including lncRNAs. F, Regulatory motif enrichment in the
promoters (−300 bp, +50 bp) of critical genes at each stage of differentiation. HUVEC indicates human umbilical vein endothelial cell.
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which might be conserved across different vertebrate species
(Figure IIIA in the online-only Data Supplement). To do this,
we focused on the following parameters: (1) cell stage–specific patterns of expression distinguishing pluripotent cells,
cardiovascular progenitor cells, and terminally differentiated
endothelial cells in multiple biological replicates (at least 3);
(2) significant sequence conservation across different vertebrate species; (3) exon-intron structure data; (4) availability
of expressed sequenced tags in human, mouse, and zebrafish
to evaluate coding potential and facilitate expression analyses;
and (5) physical location in close proximity to known cardiovascular regulatory elements. Our analyses highlighted a total
of 75 lncRNAs that successfully fulfilled the first 3 criteria (ie,
specific expression, exon-intron structure, partial sequence
conservation across vertebrates) and at least 1 of the latter (eg,
expressed sequenced tag data in lower vertebrates). Next, we
randomly selected 3 previously uncharacterized lncRNAs specifically expressed in pluripotent stem cells (TERMINATOR),
vascular progenitors (ALIEN), and mature endothelial cells
(PUNISHER) for further characterization (names were retrospectively assigned on the basis of the phenotypes elicited
in zebrafish). ncRNA identification relies, to a great extent,
on known sequence-defining gene characteristics (eg, welldefined promoters, exon-intron structure, codon conservation,
and ribosomal footprints), as well as a lack of coding potential.6,24 None of these transcripts possessed coding potential,
as determined by GeneID analysis24 (Figure IIIC in the onlineonly Data Supplement), as well as a lack of identifiable amino
acid domains and lack of codon conservation across evolution
or ribosomal footprints (data not shown).

Characterization of 3 Novel lncRNAs Differentially
Expressed During Endothelial Cell Differentiation
Next, we sought to determine the functionality of the 3 different lncRNAs selected. To do so, we first focused on localization studies in the different cell lineages in which the 3
lncRNAs were identified as differentially regulated (pluripotent cells, cardiovascular progenitors, and endothelial cells).
Fluorescence in situ hybridization experiments18 revealed
preferential expression of TERMINATOR in the nucleus of
pluripotent stem cells, whereas nuclear, perinuclear, and cytosolic localization of ALIEN and PUNISHER was found in
cardiovascular progenitors and endothelial cells, respectively
(Figure 2A and 2B). lncRNAs have been demonstrated to play
important roles in gene regulation during cell fate specification and development.3,9,10,25,26 To comprehensively characterize the gene networks associated with the different lncRNAs,
we performed Pearson correlation analyses in which protein-coding mRNA expression was systematically evaluated
and associated with each of the 3 different lncRNAs. We
next focused exclusively on those transcripts with a correlation coefficient >0.85 for further gene ontology analyses.
Expression of TERMINATOR correlated positively with genes
involved in cell cycle, DNA repair, and chromatin assembly
and negatively with genes involved in cell death and regulation of proliferation (Figure 2C and Figure IVA and IVB in
the online-only Data Supplement). ALIEN expression correlated positively with transcripts involved in skeletal muscle
development, heart morphogenesis, and tube formation and

correlated inversely with cell adhesion, membrane transport,
and neural function related genes (Figure 2C and Figure
IVA and IVB in the online-only Data Supplement), suggesting that ALIEN might possess a functional role during early
cardiovascular development before vascular specialization.
Finally, PUNISHER demonstrated a positive correlation with
genes participating in definitive vascular development while
negatively correlating with cell-cycle regulators, chromatin
modifiers, and DNA damage response genes (Figure 2C and
Figure IVA and IVB in the online-only Data Supplement).
Next, we performed RNA immunoprecipitation coupled to
mass spectrometry analysis (Table IV in the online-only Data
Supplement). Protein complex analysis on pulldown led to the
identification of proteins involved in RNA binding,27 posttranscriptional control, and epigenetic remodeling28 (Figure 2C
and Table IV in the online-only Data Supplement). Springembedded algorithms (Figure 2D) revealed hits closely correlating with each lncRNA. TERMINATOR expression was
associated with POU5F1 (Oct4), SOX2, ZIC5, and REX1, all of
them known regulators of pluripotency. ALIEN demonstrated
a high degree of correlation with pivotal drivers of mesoderm
and cardiovascular commitment, including T (Brachyury),
EOMES, MIXL1, and GATA4 (Figure 2D). Finally, expression
of transcription factors essential for endothelial cells such as
TAL1 and FOXC1 correlated with PUNISHER (Figure 2D).
Together, these results indicate a stage-specific function for
each of the different lncRNAs in regulating gene expression.
Additionally, none of the identified lncRNAs were physically
associated with polypeptides of the ribosome translational
machinery. Thus, this confirms the noncoding nature of the
selected transcripts.

Novel lncRNAs Functionally Control Pluripotency,
Cardiovascular Commitment, and Endothelial Cell
Identity
To gain insights into the physiological relevance of the identified lncRNAs, we first evaluated their expression pattern
during mouse and zebrafish embryonic development. In
accordance with their expression during human vascular
differentiation, Terminator expression was maximal at the
blastocyst stage in mouse and at 6 hours after fertilization in
zebrafish, closely correlating with the expression of Pou5f1
(Oct4) and Nanog (Figure 3A and Figures IIC and V in the
online-only Data Supplement). Terminator levels were undetectable in 1-cell–stage zebrafish embryos immediately after
fertilization, suggesting that Terminator was not already
present in the oocyte before fertilization (Figure 3A). Alien
was expressed in the allantois and lateral plate mesoderm
of E8.5 mouse embryos and zebrafish embryos 12 hours
after fertilization (Figure 3B), correlating with the expression of T (Brachyury), Meox1, and Mixl1 (Figure V in the
online-only Data Supplement). The endothelial cell–specific
lncRNA Punisher showed the highest levels of expression
in mouse embryos at embryonic day 12.5 and in zebrafish at 72 hours after fertilization, once the vasculature was
formed (Figure 3C and Figure V in the online-only Data
Supplement). PhyloP analysis for detailed evolutionary
conservation revealed relatively short, highly conserved
sequence regions of 250 to 500 bp (>90%–95%) across
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Figure 2. Characterization of TERMINATOR, ALIEN, and PUNISHER, 3 novel developmentally regulated lncRNAs. A, Representative
images of subcellular localization of TERMINATOR in human embryonic stem (ES) cells, ALIEN in vascular progenitors, and PUNISHER
in primary endothelial cells as determined by RNA in situ hybridization using specific locked nucleic acid (LNA) probes. A scrambled
control LNA probe has been tested in all 3 different cell types with similar results (representative pictures on the left). B, Quantification
of nuclear and cytosolic lncRNA foci (n ≥5). C, Left, RNA-Seq read density coverage along lncRNA loci. Right, Gene ontology functional
enrichment analysis from all genes exhibiting expression profiles similar to TERMINATOR (top), ALIEN (middle), or PUNISHER (bottom).
D, Network depicting correlated gene expression profiles of the uncharacterized lncRNAs and key developmental transcription factors.
A Pearson correlation threshold of 0.85 was used to define edges in the network. Thick gray lines indicate higher correlation relative to
black lines. Data are represented as mean±SD. Scale bars: 25 μm (A, top) and 5 μm (A, bottom). HUVEC indicates human umbilical
vein endothelial cell.

vertebrates29 (Figure 3D and Table V in the online-only Data
Supplement). Additionally, as previously mentioned, there
were described expressed sequenced tags transcribed from
the conserved loci in mouse and in zebrafish. TERMINATOR
was found to be an intergenic lncRNA located next to
ZNF281 in human and mouse (in both cases in chromosome
1). It presents H3K27Ac sites in start and end regions (marking actively transcribed chromatin), and its genomic location is conserved in sense. ALIEN represents a subclass of
lncRNAs, a lincRNA (long interspersed noncoding RNA).
It was found located in an intergenic region with low gene
density. It is encoded in sense with exons, and its location is
conserved next to FOXA2 in mouse, humans, and zebrafish.
Finally, PUNISHER was found to be an antisense lncRNA
covering exonic and intronic sequences of the AGAP2 gene.
Its location is conserved in mouse and humans. It is transcribed as an antisense to AGAP2, and it presents H3K27Ac
sites. Taken together, our results indicate that these 3
lncRNAs are conserved from zebrafish to humans and show
similar stage-specific expression during development.

To further characterize the functional roles of the different lncRNAs during vertebrate development, we designed a
series of experiments in different vertebrate systems, including zebrafish and mammalian murine embryos. Antisense
morpholino oligonucleotides, synthetic molecules used to
sterically block RNA binding sites in the absence of degradation, targeting highly conserved regions or putative splice
sites in the identified lncRNAs were designed to induce
specific knockdown or functional blockade.30,31 Loss-offunction experiments were first performed in the transgenic
zebrafish strains fli1:GFP (vascular reporter) and cmlc2:GFP
(cardiac reporter; Figure 4A) with specific antisense morpholino and compared with the corresponding nontargeting
sequences used as negative controls. Morpholino injections targeting terminator compromised development at the
gastrulation stage and resulted in >70% lethality, whereas
the surviving embryos exhibited developmental arrest and
severe cardiovascular defects (Figure 4B–4D and Tables VI
and VII in the online-only Data Supplement). In addition,
delayed epiboly stages and detachment of the cell mass from
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Figure 3. lncRNA sequence conservation and expression profiles through vertebrate evolution and development. A through C, Dynamic
expression pattern in developing mouse and zebrafish embryos for Terminator (A), Alien (B), and Punisher (C) as determined by
quantitative reverse transcription–polymerase chain reaction (n=5 per group). D, Vertebrate genomic alignments and PhyloP conservation
scores for each uncharacterized lncRNA across 44 species. See Table V in the online-only Data Supplement for the full list of animals
used for PhyloP conservation analysis.1–7 Data are represented as mean±SD. E indicates embryonic day; hpf, hours postfertilization; and
MEF, mouse embryonic fibroblast.

the yolk at 5 to 7 hours after fertilization could be observed
early during development (Figure VI in the online-only Data
Supplement), in line with peak expression of terminator at 6
hours after fertilization. Morpholino-mediated loss of function of alien led to severe impairment in multiple anatomic
structures, highlighting the specific role of alien in mesodermal specification. Among other mesoderm-related defects,
alien inhibition resulted in defective vascular patterning, with

pronounced branching defects abrogating the correct formation of dorsal and intersegmental blood vessels and defective cardiac chamber formation, demonstrating that alien
specifically functions in an early developmental progenitor stage common to both the vascular and cardiac lineages
(Figure 4B–4D and Tables VI and VII in the online-only Data
Supplement). Inhibition of punisher also resulted in severe
defects in the vasculature, including defective branching and
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Figure 4. In vivo functional evaluation of conserved lncRNAs during zebrafish development by morpholino (MO)-mediated loss of
function. A, Morpholinos were designed to block specific highly conserved regions or putative splice sites and were injected into
cardiovascular reporter zebrafish embryos. B, Representative phenotypes observed for the different knockdowns during vascular
(fli1:GFP) and cardiac (cmlc2:GFP) development at 48 hours postfertilization (hpf). C and D, Quantification of vascular (C) and cardiac (D)
phenotypes obtained for the different morpholinos (n>70). E and F, Analysis of defects in blood vessel formation by quantification of tube
number (E) and tube length (F; n >70). G, Heart function measured as heartbeats per minute for the different morphants (n >10). Data are
represented as mean±SD. Scale bars, 5 μm (B). Wt indicates wild-type. *P<0.05.

compromised vessel formation (Figure 4B–4D and Tables
VI and VII in the online-only Data Supplement). Abrogation
of Punisher activities demonstrated significant changes in
vessel tube number and length and severely impaired cardiac development and function (Figure 4E–4G and Tables
VI and VII in the online-only Data Supplement). To confirm
the in vivo role of terminator and punisher, we performed

rescue experiments. Coinjection of mature human lncRNA
sequences alongside the respective morpholinos sufficed for
rescuing the observed phenotypes with a significant effect
in embryo survival, animal morphology, and branching and
development of the cardiovascular system (Figure VII and
Table VIII in the online-only Data Supplement). It should be
noted that zebrafish morpholinos could not efficiently target
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Figure 5. Terminator is essential for pluripotent stem cells survival. A, Morpholino (MO)-mediated loss of function of Terminator in mouse
blastocyst–stage embryos led to significant downregulation of pluripotency factors Oct4, Nanog, and Sox2, indicating a fundamental role
during very early development (n >8). B and C, Massive cell death in human embryonic stem (hES) cell lines (H1 and H9) was induced
by loss of TERMINATOR, as indicated by representative bright-ﬁeld pictures of sh-scrambled and sh-TERMINATOR–treated cell culture
(B). In C, treated cells were stained by crystal violet. D, TERMINATOR knockdown induced apoptosis in human pluripotent stem cells as
indicated by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. E, Downregulation of essential pluripotency
transcription factors Oct4 and Sox2 on TERMINATOR knockdown (n=5). Data are represented as mean±SD. Scale bars, 200 μm (B) and
75 μm (D). *P<0.05. BF indicates bright-field.

the human lncRNA counterparts because of sequence divergence. Therefore, these rescue experiments further highlighted a qualitatively specific functional role for each of
the different lncRNAs. Together, our results demonstrated a
specific function for the identified lncRNAs in the differentiation of pluripotent cells to mesoderm and further specification of cardiovascular followed by vascular and endothelial
cell specification in vertebrates.

Identified lncRNAs Demonstrate a Critical Role at
Specific Stages During Mammalian Development
Finally, to provide an overview of the role that the identified
lncRNAs play in mammalian development, we evaluated the
role of all 3 lncRNAs in mammals by loss-of-function experiments in mouse embryos and human cells. To do so, 3 independent biological replicates were pooled prior to microarray
hybridization. Further analysis indicated that TERMINATOR
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blockade in mouse embryos and human ESCs resulted in
downregulation of the pluripotency factors POU5F1 (Oct4),
SOX2, and NANOG at the blastocyst stage and led to significant
cell death (Figure 5A–5E). Downregulation of TERMINATOR
resulted in the upregulation of 506 genes and the downregulation of 185 different genes involved in cell-cell interactions
and chromatin remodeling necessary for the maintenance of a
pluripotent state (Figure 6). ALIEN knockdown resulted in the

significant upregulation of 738 genes involved in cell adhesion
and extracellular matrix remodeling, whereas downregulation
of 503 genes related to angiogenesis and blood vessel development could be observed (Figure 6). Finally, PUNISHER
knockdown resulted in profound gene expression changes
in endothelial cells, with 802 genes involved in mitosis and
cell division being downregulated and 831 genes involved in
cell adhesion and extracellular interactions being upregulated

Figure 6. Gene expression profiling of key molecular networks influenced by lncRNA knockdown during human vascular differentiation.
Heat map depicting genetic networks differentially regulated on shRNA-mediated knockdown of TERMINATOR (human embryonic
stem [ES] cells), ALIEN (vascular progenitors), and PUNISHER (human umbilical vein endothelial cells), respectively. Enriched biological
processes are indicated on the right.
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Figure 7. PUNISHER knockdown results
in severe functional aberrations in human
primary endothelial cells. A, Loss of
PUNISHER in endothelial cells led to
significant reduction in cell proliferation
indicated by loss of phosphorylated
histone H3 48 hours after knockdown. B,
Representative bright-field pictures showing
well-organized capillary-like structures
formed by scramble-treated endothelial cells
(left) as opposed to PUNISHER knockdown
endothelial cells (right). C, Quantitative
analysis after Matrigel tube formation
assay on knockdown of PUNISHER
indicated severe defects in branching (left),
tubularity (middle), and mean tube length
(right; n ≥5). D, Acetylated low-density
lipoprotein (acLDL) functional assay showed
significantly reduced uptake on PUNISHER
knockdown (n=5). Note that the control
group represents primary endothelial cells.
Data are represented as mean±SD. Scale
bars, 100 μm (A) and 1 mm (B). *P<0.05.
F.A.U. indicates fluorescence arbitrary units.

(Figure 6). PUNISHER knockdown resulted in decreased histone H3 phosphorylation (Figure 7A), a marker indicative of
mitosis, and impaired human vessel maturation (Figure 7B
and 7C). PUNISHER knockdown also impaired acetyl–lowdensity lipoprotein uptake, a hallmark of endothelial cell functionality, therefore indicating severely impaired endothelial
cell function compared with scrambled shRNA controls and
unmodified endothelial cells (Figure 7D).

Discussion
Recent discoveries indicating that the mammalian transcriptome is comprised of a large majority of noncoding transcripts
(≈60%) as opposed to coding RNAs (≈7%) have brought
about the question of to whether noncoding sequences can
play a role in controlling cellular fate and functionality, ultimately affecting biological diversity.25,32–34 Despite major
efforts, little information is available on the actual cellular
functions of ncRNAs in the context of human development,
physiology, and disease.9,10,19,35,36 Among the existing information, lncRNAs identified in pluripotent cells have been
ascribed mainly to gene-network interactions, the regulation of chromatin, and the control of the pluripotency network.19,33,35 Similarly, other recent reports have focused on the
identification of lncRNAs during cardiomyocyte generation
and identified Braveheart and Fenderr as critical players during the development of the early cardiovascular system and
ultimately the murine heart.9,10
Pluripotent cell differentiation has been demonstrated to be
a suitable platform for recapitulating key developmental stages
in a dish and for the establishment of cellular disease models.37,38 Therefore, with the goal of comprehensively investigating human cardiovascular development, we analyzed human
ESCs during the course of differentiation to mesoderm, cardiovascular progenitor cells, and differentiated vascular endothelial cells. By relying on our recently reported methodologies
for the differentiation of human stem cells to cardiovascular
progenitors and terminally differentiated vascular endothelial
cells, we report here the identification and characterization of

3 novel human lncRNAs (see Table IX in the online-only Data
Supplement for a summary of findings for each lncRNA). First,
we found a total of 75 novel lncRNAs with different expression
patterns depending on the differentiation stage. Among those
lncRNAs fulfilling our preselection criteria, we next selected
3 novel noncoding transcripts (TERMINATOR, ALIEN, and
PUNISHER) for further characterization in different vertebrate
models. We found that TERMINATOR specifically controls
pluripotent stem cell identity, ALIEN impairs cardiovascular
development, and PUNISHER compromises endothelial cell
function. The differentiation platform used, however, presents several limitations. As with most protocols on pluripotent
stem cell differentiation, the generated cells generally present
a fetal-like signature, thus potentially obviating lncRNAs that
are specifically expressed in adult cells. In addition, in vitro
differentiation protocols and genetic profiling suffer from
the inherent disadvantage of providing snapshots of what
is otherwise a continuous process. Thus, we cannot rule out
that, despite collecting samples every second day, other more
tightly regulated lncRNAs are underrepresented in our data
sets. Despite these limitations and considering the role that the
identified lncRNAs play during cardiovascular development, it
is tempting to speculate that deregulation of lncRNAs affecting
early embryonic development might be one of the causes of
congenital cardiovascular diseases and malformations. Indeed,
our work indicates that deregulation of lncRNAs and the resulting changes in gene expression have profound implication in
embryonic development and cardiovascular system formation
and function across different vertebrate species. Although the
implications of lncRNAs in human disease remain obscure and
we are only now starting to unravel the complex role that noncoding genetic elements play in the context of disease, it seems
clear that leveraging next-generation sequencing technologies
with patient data collection might shed new light on how aberrant lncRNA expression functionality correlates with disease.
Understanding the precise role of ncRNAs during development
and disease might ultimately open new avenues for the development of human therapeutics.
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Our work establishes an analytic pipeline for the systematic
study of lncRNAs in cardiovascular development and demonstrates that appropriate in vitro systems can be used to identify novel players controlling lineage commitment and human
development. Ultimately, broad-scale application of genomic
strategies based on the use of pluripotent cells might shed
new light on the fundamental mechanisms underlying human
development and disease.
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Clinical Perspective
Long noncoding RNAs (lncRNAs) are a new class of regulatory RNA molecules able to modulate diverse processes such
as development, pluripotency, and disease by altering posttranscriptional and posttranslational regulation, recombination,
protein complex formation, and cell-cell signaling. Accordingly, it is clear that identification and characterization of novel
lncRNAs regulating human development are of major interest. Human pluripotent stem cells have the capacity to generate
any given somatic cell lineage on differentiation. In vitro differentiation recapitulates key developmental stages, thus allowing comprehensive studies on early human development and disease. Leveraging methodologies for the differentiation of
cardiovascular lineages from human pluripotent stem cells in combination with next-generation sequencing, we provide here
the transcriptomic changes underlying vertebrate cardiovascular development. In addition, we provide an analytic framework for the identification of novel genetic elements underlying the development of the cardiovascular system in multiple
vertebrate species. Our work indicates that deregulation of specific lncRNAs and the resulting changes in gene expression
may have profound implications in embryonic development and cardiovascular system formation and function across different vertebrate species. The combination of next-generation sequencing technologies with patient data collection might shed
new light on how aberrant lncRNA expression correlates with disease. A better understanding of the precise role of noncoding RNAs during development and disease might ultimately open new avenues for the development of human therapeutics
specifically targeting this previously overlooked family of genes.
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1

Expanded Methods
Animals. A total of 8 different developing murine embryos per experimental group
were used in our experiments. Zebrafish experiments included a minimum of 20
different animals per experimental group. Mice and zebrafish were housed in an
AAALAC (Association for Assessment and Accreditation of Laboratory Animal
Care) -accredited facility and in compliance with all directives related to
laboratory animal protection. Mice were purchased from Charles River
Laboratories, housed in air-flow racks in a restricted-access area and maintained
on a 12-h light/dark cycle at a constant temperature (22 ± 1°C). AB (wild-type)
zebrafish, cmlc2:GFP and fli1:GFP zebrafish were maintained at 28.5°C and
70% humidity in the Salk fish facilities. Experiments were conducted with the
approval of the Salk Institute and the Institutional Animal Care and Use
Committee (IACUC).

DNA methylation analysis. DNA was extracted from human undifferentiated
ESCs

(ESCs-shRNA

control,

ESC-shRNA

TERMINATOR),

differentiated

vascular endothelial progenitor cells (D8-ESCs-shRNA control, D8-ESCs-shRNA
ALIEN) and primary endothelial cells (HUVEC-shRNA control and HUVECsshRNA PUNISHER) as previously described1 and methylation studies conducted
identically as reported1. Briefly, Illumina 450K Infinium Methylation Arrays were
normalized and preprocessed with Genome Studio, a proprietary Illumina
software, for analysis of data generated on Illumina platforms. Probes with
missing values were removed. The groups compared included human

2

undifferentiated ESCs (ESCs-shRNA control, ESC-shRNA TERMINATOR),
differentiated vascular endothelial progenitor cells (D8-ESCs-shRNA control, D8ESCs-shRNA ALIEN) and primary endothelial cells (HUVEC-shRNA control and
HUVECs-shRNA PUNISHER).

Data analysis. Principal Component Analysis (PCA) was performed using R
function “prcomp” (www.r-project.org). PCA is a method for identifying the
primary sources of variation between gene expression profiles within a dataset.
The original data can then be re-plotted using coordinates derived from the PCA
analysis to help display the relative similarity between each of the samples. Gene
Ontology (GO) enrichment analysis was performed using DAVID (Database for
Annotation, Visualization and Integrated Discovery), a web-based platform for
gene set enrichment testing2. DAVID assesses the enrichment between a set of
co-regulated genes and other sets of genes grouped by common functions. In
this study we used the biological process gene sets defined by the Gene
Ontology Consortium (geneontology.org). Gene set enrichment is scored using
the Fisher Exact test, which incorporates the number of genes that are common
between regulated and functional groups, the total number of genes in each
group, and the total number of genes considered in the analysis. Promoter motif
enrichment was performed using HOMER (Hypergeometric Optimization of Motif
EnRichment), a de novo motif discovery algorithm that uses hypergeometric
scoring to identify enriched DNA motifs in DNA sequences3. Promoters from coregulated genes (-300 to +50 bp from the TSS) are differentially compared to

3

non-regulated promoters to identify significant regulatory elements. Java
TreeView4

(http://jtreeview.sourceforge.net/)

Cytoscape5

and

(http://www.cytoscape.org/) are free open source academic tools. Clustering of
GO terms and motif enrichment results was performed with Cluster 3.0
(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm)

and

visualized

with Java TreeView. Correlations between lncRNAs and transcription factor
expression profiles were visualized using Cytoscape.
Similar to previous publications, gene expression data from the RNA-seq
experiments was normalized by the total number of uniquely alignable reads as
FPKM (fragments per kilobase per million reads mapped)6,7.
To analyze the number of reads and evaluate differential expression, samples
were randomized and differentially expressed genes defined by transcript
changes of more than 3-fold (FPKM) with a minimum level of expression of 0.1
FPKM. FPKM reads were compared by using DEseq8 which allows for statistical
analysis of small sample volumes. Briefly, DEseq addresses the restrictive
assumptions of Poisson distributions by modeling count data (FPKM) with
negative binomial (NB) distributions. Of note, all different technical replicates
were pooled prior further analyses as described9,10. Independent biological
replicate FPKM values were modeled by DEseq as indicated above and
expressed as Mean with standard deviation or SEM as indicated. Hierarchical
clustering was performed using average linkage using uncentered correlation as
the distance metric.

4

Short Hairpin RNA (shRNA) knockdowns and lentiviral transductions. Briefly,
shRNAs (for seed sequences please refer to Table 2 in the online-only Data
Supplement) where cloned into the PLKO1 vector (Sigma Aldrich). The indicated
cell types where then infected with the corresponding lentiviral particles for 12
hours, allowed to rest for 24 hours and puromycin-selected with 2μg/ml
puromycin for 36 hours. In the case of TERMINATOR, results were evaluated
after 15 hours of selection. For ALIEN, the knockdown lines where further
differentiated to angioblasts and evaluated on day 0, day 2, day 4 and day 8 of
differentiation. For PUNISHER, the knockdown lines where generated directly in
HUVECs.

Endothelial cell function assays. For Acetylated Low-Density-Lipoprotein (AcLDL) uptake, 80% confluent endothelial cells were incubated with 10μg/ml AcLDL (L23380, Molecular Probes) for 3 hours in DMEM:F12. The cells were
washed three times with PBS, dissociated using TrypLE and analyzed by flow
cytometry. To assess the formation of capillary-like structures, a suspension of
4x105 endothelial cells/ml in the presence EBM-2/EGM-2 was prepared.
Subsequently, 100μl per well was dispensed on flat-bottom 96-well plates coated
with Matrigel (BD). Tube formation was observed after 24 hours of incubation,
and a minimum of three replicates per experiment were analyzed.

RNA immunoprecipitation (RIP)/mass spectrometry. Generation of biotinylated
RNA for the lncRNAs (TERMINATOR, ALIEN and PUNISHER, identified by their

5

specific

expression

in

undifferentiated

pluripotent

cells,

cardiovascular

progenitors and committed vascular endothelial cells) was carried out with
amplified cDNAs prepared from the respective cell types and cloned
into pENTR/D-TOPO. RNAs were transcribed in vitro with the Megascript in vitro
transcription kit (Ambion) along with control mRNA XEF. In vitro transcribed RNA
was DNase1 treated and purified using TRIzol (Invitrogen). Purified RNA was
ligated at the 3’ end with a single biotinylated cytidine residue (3’End biotinylation
kit BK, Pierce). In vitro transcribed 3’ biotinylated lncRNAs (50pmols) were
denatured and re-folded by heating to 65°C for 5 minutes and cooled down at
room temperature in 10mM HEPES and 10mM MgCl2. Lysates were prepared
from the respective cell types (107 ES cells for TERMINATOR, mesoderm
progenitors for ALIEN and endothelial cells for PUNISHER) by re-suspending the
cells in 1ml RIP buffer (150mM KCL, 25mM Tris pH 7.4, 0.5mM DTT, 0.5%
NP40, 1mM Phenylmethylsulfonyl fluoride (PMSF), EDTA minus protease
inhibitor cocktail (Roche) and 20U/ml RNaseOUT (Invitrogen)) followed by
homogenization by 30 strokes using a dounce homogenizer. The lysates were
centrifuged at 13,000rpm for 10 minutes at 4°C and pre-cleared using 40µl of
pre-equilibrated Streptavidin-coupled Dynabeads (Invitrogen) for 20 minutes at
4°C. After pre-clearing, the lysates were mixed with 20µg/ml yeast tRNA and
incubated for 20 minutes at 4°C, and then mixed with their respective transcripts
and incubated for 1 hour at room temperature. 60µl of the pre-equilibrated
streptavidin-coupled Dynabeads were mixed with the lysate-transcript mix and
incubated for another hour at room temperature followed by 4 washes using RIP
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buffer. The proteins bound to the RNA were directly trypsinized on the beads and
submitted for mass spectrometry.

Gene expression microarray analysis. The following groups of samples were
analyzed: human undifferentiated ESCs (ESCs-shRNA control, ESC-shRNA
TERMINATOR), differentiated vascular endothelial progenitor cells (D8-ESCsshRNA control, D8-ESCs-shRNA ALIEN) and primary endothelial cells (HUVECshRNA control and HUVECs-shRNA PUNISHER). Total RNA from roughly
1x107cells of each of the above-indicated groups was isolated with TRIzol
(Invitrogen). All samples were subjected to quality control processes to ensure
the lack of contaminating DNA and integrity of the RNA. All the RNA samples
met the following RNA quality threshold- OD260/280 = 2-2.2; OD260/230 ≥ 2.0;
28S:18S> 1.0, RIN>7. Microarray expression profiles were obtained using the
AffymetrixGeneChip Human Gene 1.0 ST Array (Affymetrix). Amplification,
labeling and hybridizations were performed according to protocols from Ambion
and Affymetrix. Briefly, 200ng of total RNA were used to generate cDNAs with
the Ambion® WT Expression Kit (Ambion/Applied Biosystems), labeled using the
WT Terminal Labeling Kit (Affymetrix), and then hybridized to Human Gene 1.0
ST for 16 h at 45ºC and 60rpm in a GeneChip® Hybridization Oven 640.
Following

hybridization,

the

array

was

washed

and

stained

in

the

AffymetrixGeneChip® Fluidics Station 450. The stained array was scanned using
an AffymetrixGeneChip® Scanner 3000 7G, generating CEL files for each array.
The following groups of samples were analyzed: human undifferentiated ESCs
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(ESCs-shRNA control, ESC-shRNA TERMINATOR), differentiated vascular
endothelial progenitor cells (D8-ESCs-shRNA control, D8-ESCs-shRNA ALIEN)
and primary endothelial cells (HUVEC-shRNA control and HUVECs-shRNA
PUNISHER). After quality control of raw data, it was background corrected,
quantile-normalized and summarized to a gene-level using the robust multi-chip
average (RMA)11 obtaining a total of 28832 transcript clusters, excluding controls,
which roughly correspond to genes. NetAffx 32 annotations, human genome 19
built, were used to summarize data into transcript clusters and to annotate
analyzed data. Linear Models for Microarray (LIMMA)12, a moderated t-statistics
model, was used for detecting differentially expressed genes between the
conditions. Genes with a minimum fold change of 1.5 and p- value less than 0.05
were selected as significant.

Real time-PCR analysis. Total cellular RNA was isolated using TRIzol Reagent
(Invitrogen) according to the manufacturer’s recommendations. 2µg of DNase1
(Invitrogen) treated total RNA was used for cDNA synthesis using the
SuperScript II Reverse Transcriptase kit for RT-PCR (Invitrogen). Real-time PCR
was performed using the SYBR-Green PCR Master mix (Applied Biosystems)
using 150 nM primer concentrations, 40 cycles, at the indicated annealing
temperatures (Table 2 in the online-only Data Supplement) in a CX96 Real Time
PCR detection system (Bio-Rad). The levels of expression of the genes were
normalized to corresponding GAPDH values (for the respective species) and are
shown as fold change relative to the value of the control sample. All the samples
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were done in triplicate. The primers used for real time-PCR experiments are
listed in Table 1 in the online-only Data Supplement.

In situ hybridization. Cells were fixed in 4% Paraformaldehyde (PFA) for 10
minutes at room temperature, washed, subjected to an acetylation step and
afterwards treated briefly with proteinase K (Life Technologies). Samples were
then prehybridized for 4 hours and hybridized overnight with digoxigenin (DIG)labeled locked nucleic acids (LNA) probes for the corresponding lncRNAs
(Exiqon). The next day slides were washed and immunolabeled with anti-DIGalkaline

phosphatase

antibodies

(1:2,000)

overnight

at

4°C.

Alkaline

phosphatase activity was detected by incubating samples in Fast Red solution
(Dako) for 2 hours. Samples were then washed, counterstained with DAPI (Life
Technologies) and mounted in Vecta-shield (Vector Labs) for imaging in a
confocal microscope (Zeiss LSM710).

Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) assay. Cells were seeded in 8-well chamber slides (Millipore), cultured
for 48 h, and treated with the respective shRNA for 48 h. The cells were fixed in
0.14 M phosphate-buffered saline (PBS; pH 7.4) containing 4% PFA at 4°C for
20 min, washed in PBS three times for 5 min, and permeabilized in PBS
containing 0.1% Triton X-100–0.1% sodium citrate at 4°C for 2 min. The cells
were washed and stained, using fluorescein isothiocyanate (FITC)-labeled dUTP
and terminal deoxynucleotide transferase at 37°C for 1 hour using the in situ cell
death detection kit (Roche). The TUNEL reaction was terminated by the addition
9

of 2x SSC (0.3 M NaCl plus 0.03 M Na citrate) for 10 min, and the cells were
counterstained with propidium iodide-RNase A solution (Roche) for 10 min at
room temperature. Samples were washed with distilled water and mounted using
Vectashield mounting solution (Vector Labs).

Immunofluorescence microscopy. Briefly, cells were washed twice with PBS and
fixed using 4% PFA in PBS. After fixation, cells were blocked and permeabilized
for 1 hour at 37°C with 5% BSA/5% appropriate serum/ in PBS in the presence of
0.1% Triton X-100. Subsequently, cells were incubated with the indicated primary
antibody either for 1 hour at room temperature or overnight at 4°C. The cells
were then washed twice with PBS and incubated for 1 hour at 37°C with the
respective secondary antibodies and DAPI for counterstaining, followed by
mounting in Vecta-shield. Sections were analyzed by using a confocal
microscope (Zeiss LSM710).
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Supplemental Table 1. List of the primers used for real time-PCR experiments.
Human
TERMINATOR
ALIEN
PUNISHER
NANOG
POU5F1 (Oct4)
SOX2
GAPDH

Forward
CGGAAAACAGTGGAGGAAGA
CAATCCCCTCCTGAGCATTA
GTCCTCCACTCCACCTCAAA
ACAACTGGCCGAAGAATAGCA
GGGTTTTTGGGATTAAGTTCTTCA
CAAAAATGGCCATGCAGGTT
GGACTCATGACCACAGTCCATGCC

Reverse
CGTGTGAAAGACAAGGCTCA
GCATTTTTATTTCGGCTCCA
TGAGTTCCTGATCGTGTCCA
GGTTCCCAGTCGGGTTCAC
GCCCCCACCCTTTGTGTT
AGTTGGGATCGAACAAAAGCTATT
TCAGGGATGACCTTGCCCACAG

Optimal Annealing temperature
59
60
61
59
50
61
60

Final concentration
150nM
150nM
150nM
150nM
150nM
150nM
150nM

Mouse
Terminator
Alien
Punisher
Nanog
Pou5f1 (Oct4)
Sox2
T (Brachyury)
Meox1
Mixl1
Fli1
Cdh5
Gapdh

Forward
GCATGAGACTAGCCGAGAGG
GCTCCAAGCTGTCAAAGACC
CCCCCTTCCTTCTACTGTCC
CAGGTGTTTGAGGGTAGCT
TCTTTCCACCAGGCCCCCGGCT
TAGAGCTAGACTCCGGGCGATG
ACAACCACCGCTGGAAATATG
GAAACCCCCACTCAGAAGATAGC
ACGCAGTGCTTTCCAAACC
ATGGACGGGACTATTAAGGAGG
CACTGCTTTGGGAGCCTTC
AACTTTGGCATTGTGGAAGG

Reverse
AGCGTTTACTGCCGAAGCTA
GAGGGTGACAGCAGGAAGAG
CTGGCCAGGATCTGACTCTC
CGGTTCATCATGGTACAGTC
TGCGGGCGGACATGGGGAGATCC
TTGCCTTAA ACAAGACCACGAAA
CTCTCACGATGTGAATCCGAG
TCGTTGAAGATTCGCTCAGTC
CCCGCAAGTGGATGTCTGG
GAAGCAGTCATATCTGCCTTGG
GGGGCAGCGATTCATTTTTCT
ACACATTGGGGGTAGGAACA

60
59
59
60
61
60
60
58
60
60
61
60

150nM
150nM
150nM
150nM
150nM
150nM
150nM
150nM
150nM
150nM
150nM
150nM

Zebrafish
terminator
alien
punisher
nanog
pou5f1 (Oct4)
t (Brachyury)
meox1
mixl1
fli1
cdh5
gapdh

Forward
TTGTTGGGGAGAAAACTTGC
CGGCTATCTTCTGCTGTTCC
CCGGTTTTGCCATCACAT
CAAAGATGCAGAGCAGACCA
GAGGAGCCCCTGCCTTATAC
TGGAAATACGTGAACGGTGA
ACCAAAGAGCAACTCCGAGA
CCACACATCAGAACCACAGC
GGCTCTCCAACAGTGGTCTC
CGACCTAAAAACCCACCTGA
GATACACGGAGCACCAGGTT

Reverse
TGCGTCTTGATTGGCTGTAG
GGCACCCTGACATCAACTCT
CATTTCTGCAAATGCACCAG
GGTCAGAGGAACCCCTTCTC
AAGCATGGCTGATTTGATCC
ATACGGGTGCTTTCATCCAG
TCATCTGCTTCAAGGTCGTG
CGTGTTCCTTTGGGTACTGC
CACAGCTGGATCTGACCTGA
CAGCTTTGCAAGGACAACAA
GCCATCAGGTCACATACACG

59
60
59
58
60
60
59
60
60
58
57

150nM
150nM
150nM
150nM
150nM
150nM
150nM
150nM
150nM
150nM
150nM
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Supplemental Table 2. List of sequences used for the generation of morpholinos and
shRNA targeting the indicated lncRNAs.
MORPHOLINOS SEQUENCES
5'-CGCTTGTTGTTCCTCTTGGCTGCTT-3'
5'-TATATGCATCCAGGCCCACCATTAA-3'
5'-GGGTGCCTGAATTAATTGCTTTAAG-3'
5'-GGTATTCGTTGTCTCTCCCGCTGCC-3'
5'-ACCTGTTTTGTTAATGTTTCTCAAG-3'
5'-TTCGTATTTGGCACGGATCCACGAC-3'
shRNA seed SEQUENCES

CCTAAGGTTAAGTCGCCCTCG
GGTTTATCTACCCAGTCTTAC
GCCAGGCTTCAATGTTTAATT
CCACTCCACCTCAAACTCTTA

lncRNA targeted
Terminator MO1
Terminator MO2
Alien MO1
Alien MO2
Punisher MO1
Punisher MO2
lncRNA targeted
scrambled
TERMINATOR
ALIEN
PUNISHER
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Supplemental Table 3. Number of reads and alignable reads per sample
obtained in the RNA-seq analysis.
Sample

Reads Sequenced

Uniquely Alignable Reads

H1-Day0

90366017

77338128

H1-Day2

86752934

68137698

H1-Day4

94594307

78960565

H1-Day8

96559954

80564506

Endothelial

82822721

65378322

HUVEC

97606136

81544588
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Supplemental Table 4. RIP-mass spectrometry data for proteins interacting with
each of the long non-coding RNAs identified in the study.
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Supplemental Table 5. Key listing of species groups as shown in figure 3.
1
2
Chimp
Chinese_tree_shrew
Gorilla
Squirrel
Orangutan
Lesser_Egyptian_jerboa
Gibbon
Prairie_vole
Rhesus
Chinese_hamster
Crab-eating_macaque
Golden_hamster
Baboon
Mouse
Green_monkey
Rat
Marmoset
Naked_mole-rat
Squirrel_monkey
Guinea_pig
Bushbaby
Chinchilla
Brush-tailed_rat
Rabbit
Pika

3
Pig
Alpaca
Bactrian_camel
Dolphin
Killer_whale
Tibetan_antelope
Cow
Sheep
Domestic_goat
Horse
White_rhinoceros
Cat
Dog
Ferret_
Panda
Pacific_walrus
Weddell_seal
Black_flying-fox
Megabat
Davidʼs_myotis_(bat)
Microbat
Big_brown_bat
Hedgehog
Shrew
Star-nosed_mole

4
5
6
Elephant
Saker_falcon
American_alligator
Cape_elephant_shrew
Peregrine_falcon
Green_seaturtle
Manatee
Collared_flycatcher
Painted_turtle
Cape_golden_mole White-throated_sparrow Chinese_softshell_turtle
Tenrec
Medium_ground_finch
Spiny_softshell_turtle
Aardvark
Zebra_finch
Lizard
Armadillo
Tibetan_ground_jay
X_tropicalis
Opossum
Budgerigar
Coelacanth
Tasmanian_devil
Parrot
Wallaby
Scarlet_macaw
Platypus
Rock_pigeon
Mallard_duck
Chicken
Turkey

7
Tetraodon
Fugu
Yellowbelly_pufferfish
Nile_tilapia
Princess_of_Burundi
Burtonʼs_mouthbreeder
Zebra_mbuna
Pundamilia_nyererei
Medaka
Southern_platyfish
Stickleback
Atlantic_cod
Zebrafish
Mexican_tetra_(cavefish)
Spotted_gar
Lamprey
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Supplemental Table 6. Main phenotypic defects observed after injection of
morpholinos (MO), driven against a conserved-binding site, in one-cell stage
fli1:GFP zebrafish embryos. Morpholinos were designed to target terminator,
alien or punisher. ISV: intersegmental vessels; DLAV: dorsal longitudinal
anastomotic vessel; CV: caudal vein; VP: vascular plexus.

Conditions

Injection type

Main defects observed

Wild-type

Uninjected (n=110)

None

Control

MO (n=207)

None

terminator

MO (n=178)

Developmental arrest ,defective vessel
branching

alien

MO (n=212)

Grave vessel branching defects, loss of ISV,
DLAV, CV, VP

punisher

MO (n=202)

Defective branching, reduced endothelial cell
number, loss of ISV, DLAV, VP, CV
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Supplemental Table 7. Main phenotypic defects observed after injection of
morpholinos (MO), driven against a conserved-binding site, in one-cell stage
cmlc2:GFPzebrafish embryos. Morpholinos were designed to target terminator,
alien or punisher.
Condition

Injection type

Main defect observed

Control

Uninjected (n=165)

None

Standard

MO (n=153)

None

Terminator

MO (n=132)

Developmental arrest, enlarged chambers,
defective looping

Alien

MO (n=70)

Enlarged atrium, reduced ventricle, defective
looping

Punisher

MO (n=73)

Defective looping, small chambers, cardiac
arrest
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Supplemental Table 8. Zebrafish rescue experiments for terminator and
punisher. Antisense morpholinos (MO) for terminator or punisher were injected at
the once-cell stage in zebrafish embryos. Morphant versus wild type-like (Wt-like)
phenotypes as well as survival rates were analyzed at 24 and 72 hours postfertilization (hpf). Rescue experiments were conducted by co-injecting the human
transcript of the lncRNA with its corresponding MO.
Condition

Phenotype (%)

Survival
(%)

morphant

Wt-like

Ctrl (24 hpf)

uninjected (n=109)

4

96

95

terminator (24
hpf)

MO (n=249)

81

19

55

MO+hlncRNA
(n=337)

65

35

79

Ctrl (72 hpf)

uninjected (n=157)

0

98

98

punisher (72 hpf)

MO (n=397)

33

37

70

MO+hlncRNA
(n=512)

17

55

72
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Supplemental Table 9. Summary of the cardiovascular-related lncRNAs found
in this study, together with their characteristic profiles of expression and
phenotypic consequences upon shRNA/morpholino-induced knockdown. N/D:
not determined; EC: endothelial cell; HUVEC: human umbilical vein endothelial
cells; D0-D2, D2-D4: refer to days after differentiation starts, please refer to first
section of results or alternatively to Kurian et al, Nature Methods, 2013.

lncRNA

zebrafish

mouse

human

Name

Human locus

Expression
pattern

Cellular
localization

Phenotype
upon KD

Expression
pattern

Cellular
localization

Phenotype
upon KD

TERMINATOR
(TMN)

EU250746
( chr1:200,380,

Embryo up
to 24 hpf

N/D

Early
embryonic
lethality (<
24h)

Blastocyst

N/D

N/D

Pluripotent
stem cell
restricted
(D0-D2)

Nuclear

Loss of
pluripotency
(OCT4,
SOX2),
apoptosis

Embryo 648 hpf

N/D

vessel
branching
defects,
heart
defects

E6.8-E8.5

N/D

N/D

Mesodermal
restricted
(D4-D8)

Cytoplasmic

Mesodermal
arrest

24-72 hpf

N/D

vessel
defects,
reduced EC
number,
heart
defects

E8.5-E12.5

N/D

N/D

Endothelial
cell restricted
(EC/HUVEC)

Nuclear

Cell cycle
arrest,
defective
blood vessel
formation

928200,444,641)

ALIEN (ALN)

LINC00261

(chr20:22,541,
19222,559,280)

PUNISHER
(PNS)

LOC100130776
(AGAP2-AS1,

chr12:58,120,0
23-58,122,139)

Expression
pattern

Cellular
localization

/cytoplasmic

Phenotype
upon KD
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Supplemental Figure 1. Analyses on RNA integrity and specificity of the
sequencing reads. A, To demonstrate that the RNA-seq experiment has
minimal DNA contamination, we quantified reads on each strand in 10kb
windows across the entire genome. Unlike DNA sequencing (right panel in red),
our strand specific RNA sequencing data (left panel in blue) displays signals in a
strand specific manner [>91% of regions with more than 16 normalized reads
(per 10 million) compared to 0% for DNA sequencing]. B, The profile of reads
across all genes additionally rules out DNA contamination as indicated by highly
specific reads depending on the strand of origin as well as specific localization of
signal within gene boundaries. Note that DNA sequencing data does not
discriminate between different strands (right panel).
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Supplemental Figure 2. Transcriptional roadmap of human vascular
differentiation. A, Schematic representation showing the key stages of
embryonic vascular differentiation presented in this study (hESCs, mesodermal
progenitors, endothelial cells). B, Representation of the fraction of the human
genome transcribed during the process of embryonic vascular differentiation. C,
Principle component analysis of the transcriptome dynamics observed during
differentiation. D, Bivalent histone methylation (H2K4me3 or H3K27me3)
dynamics

in

lncRNAs

during

vascular

differentiation.

E,

Genome-wide

methylation profiling during differentiation from pluripotency to endothelial cells.
Pie chart represents the summary of transcripts that have lost promoter cytosine
methylation during vascular differentiation, including lncRNAs.
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Supplemental Figure 3. Identification of cell type/lineage specific lncRNAs
during human vascular differentiation. A, Hierarchical clustering of expressed
genes from RNA-seq data at respective stages of vascular differentiation (left),
and filtering strategy used to identify functional vascular lncRNAs (right). B, Gene
expression correlation analysis of lncRNAs to their neighbouring protein coding
counterparts. C, Codon substitution frequency analysis showing non-coding
characteristics of identified lncRNAs compared to their neighbouring proteincoding genes.
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Supplemental Figure 4. Dynamic expression of identified lncRNAs in
respective cell types and identification of key molecular partner networks.
A, Expression of the different lncRNAs at indicated differentiation stages in
relevant cell types as determined by qPCR (n5). B,C, Dynamics of transcripts
showing significant correlated (B) and anti-correlated (C) expression pattern to
the different lncRNAs during vascular differentiation. D, Enriched Gene Ontology
terms (gene function) of direct interacting partners for each lncRNAs, as
identified by RNA immunoprecipitation coupled with mass spectrometry (RIPMASS SPEC).Data are represented as mean +/− s.d., * P< 0.05.
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Supplemental Figure 5. Dynamics of gene expression of key developmental
markers during mouse and zebrafish vascular development. A, Expression
dynamics of pluripotency (Pou5F1, Nanog), mesoderm (T, Meox1, Mixl1) and
endothelial markers (Fli1, Cdh5) during mouse embryonic development (n5). B,
Expression dynamics of pluripotency (pou5f1, nanog), mesoderm (t, meox1,
mixl1) and endothelial markers (fli1, cdh5) during zebrafish embryonic
development (n5). Data are represented as mean +/− s.d.
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Supplemental Figure 6. Terminator loss of function results in lethality
during early stages of vertebrate embryonic development. Morpholinomediated Terminator knockdown resulted in arrested development at 24 hpf in
zebrafish embryos. At 6 hpf treated embryos showed detachment of the cell
mass from the yolk. hpf: hours post-fertilization. Scale bar: 1mm
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Supplemental Figure 7. Phenotypic rescue for terminator and punisher in
fli1:GFP zebrafish. Phenotypic defects observed after antisense morpholinos
(MO) for terminator or punisher were rescued by the co-injection of the human
transcript of the lncRNA with its corresponding MO. Scale bars: 10µm.
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Gene Ontology Processes Dysregulated Upon Blockade of the Identified lncRNAs
Gene Ontology processes upregulated upon Punisher knockdown

34

35

Gene Ontology processes downregulated upon Punisher knockdown

36

37

38

39

40

Gene Ontology processes upregulated upon Alien knockdown

41

42

43

Gene Ontology processes downregulated upon Alien knockdown
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Gene Ontology processes upregulated upon Terminator knockdown

46
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Gene Ontology processes downregulated upon Terminator knockdown
TermID
GO:0006891
GO:0007616
GO:0098900
GO:0048193
GO:0006617

GO:1900102
GO:0060816
GO:2000691
GO:0086053
GO:2000690
GO:0051892
GO:1990029
GO:0003294
GO:1902897
GO:0006616
GO:0010477
GO:0003151
GO:0021591
GO:0006184

Term
intra-Golgi vesicle-mediated transport
long-term memory
regulation of action potential
Golgi vesicle transport
SRP-dependent cotranslational protein
targeting to membrane, signal sequence
recognition
negative regulation of endoplasmic
reticulum unfolded protein response
random inactivation of X chromosome
negative regulation of cardiac muscle cell
myoblast differentiation
AV node cell to bundle of His cell
communication by electrical coupling
regulation of cardiac muscle cell myoblast
differentiation
negative regulation of cardioblast
differentiation
vasomotion
atrial ventricular junction remodeling
regulation of postsynaptic density protein
95 clustering
SRP-dependent cotranslational protein
targeting to membrane, translocation
response to sulfur dioxide
outflow tract morphogenesis
ventricular system development
GTP catabolic process

Enrichment
0.000166667
0.00182803
0.006452518
0.007383803
0.00874709

logP
-8.699510081
-6.304516379
-5.043284832
-4.9084664
-4.739034257

0.00874709

Genes in Term
32
28
14
195
1

Target Genes in Term
4
3
2
6
1

Fraction of Targets in Term
0.028776978
0.021582734
0.014388489
0.043165468
0.007194245

Total Target Genes
139
139
139
139
139

Total Genes
15891
15891
15891
15891
15891

Gene Symbols
RAB6A,GOSR1,COPB1,COG5
TAC1,PJA2,ADCY8
TAC1,GJA5
USE1,RAB6A,GOSR1,COPB1,BLZF1,COG5
SRP54

-4.739034257 1

1

0.007194245

139

15891

CREBRF

0.00874709
0.00874709

-4.739034257 1
-4.739034257 1

1
1

0.007194245
0.007194245

139
139

15891
15891

RLIM
PRICKLE1

0.00874709

-4.739034257 1

1

0.007194245

139

15891

GJA5

0.00874709

-4.739034257 1

1

0.007194245

139

15891

PRICKLE1

0.00874709

-4.739034257 1

1

0.007194245

139

15891

PRICKLE1

0.00874709
0.00874709
0.00874709

-4.739034257 1
-4.739034257 1
-4.739034257 1

1
1
1

0.007194245
0.007194245
0.007194245

139
139
139

15891
15891
15891

GJA5
GJA5
CRIPT

0.00874709

-4.739034257 1

1

0.007194245

139

15891

SRP54

0.00874709
0.009510881
0.013018734
0.014549704

-4.739034257
-4.655318804
-4.341365846
-4.230184623

1
3
2
6

0.007194245
0.021582734
0.014388489
0.043165468

139
139
139
139

15891
15891
15891
15891

ICAM1
NPY5R,GJA5,NPY1R
KIF27,RPGRIP1L
SRP54,RAB18,RAB6A,RAB38,TUBB8,MX2

1
50
20
226
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