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LETRT is a lymphatic endothelial-specific IncRNA
governing cell proliferation and migration through
KLF4 and SEMA3C
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Recent studies have revealed the importance of long noncoding RNAs (IncRNAs) as tissue-
specific regulators of gene expression. There is ample evidence that distinct types of vas-
culature undergo tight transcriptional control to preserve their structure, identity, and func-
tions. We determine a comprehensive map of lineage-specific IncRNAs in human dermal
lymphatic and blood vascular endothelial cells (LECs and BECs), combining RNA-Seq and
CAGE-Seq. Subsequent antisense oligonucleotide-knockdown transcriptomic profiling of two
LEC- and two BEC-specific IncRNAs identifies LETR1 as a critical gatekeeper of the global LEC
transcriptome. Deep RNA-DNA, RNA-protein interaction studies, and phenotype rescue
analyses reveal that LETR1 is a nuclear trans-acting IncRNA modulating, via key epigenetic
factors, the expression of essential target genes, including KLF4 and SEMA3C, governing the
growth and migratory ability of LECs. Together, our study provides several lines of evidence
supporting the intriguing concept that every cell type expresses precise IncRNA signatures to
control lineage-specific regulatory programs.
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ARTICLE

he blood and lymphatic vascular systems are essential for

the efficient transport of oxygen, nutrients, signaling

molecules, and leukocytes to and from peripheral tissues,
the removal of waste products, and the preservation of fluid
homeostasis. Increased activation or impaired function of these
vascular networks represent a hallmark of many pathological
conditions, including cancer progression, chronic inflammatory
diseases, and diseases leading to blindness!~3.

During development, the blood vascular system arises from
endothelial cell progenitors that differentiate from mesodermal
cells, mostly through the expression of the transcription factor
(TF) ETV2. Activation of the VEGFA/VEGFR2 signaling and
expression of blood vascular endothelial cell (BEC) markers, such
as NRP1 and EphrinB2, further differentiate these precursor cells
into BECs, which then form the hierarchical network of blood
vessels®. In contrast, lymphatic vasculogenesis starts after the
establishment of the blood circulatory system. Thereafter, a dis-
tinct subpopulation of endothelial cells lining the cardinal vein
starts differentiating by expressing the TF PROXI, the master
regulator of lymphatic endothelial cell (LEC) identity, via the TFs
SOX18 and COUPTFIL Once exiting the veins, LECs starts
expressing other lymphatic-specific markers, such as podoplanin,
VEGEFR3, and NRP2, and they migrate, in a vascular endothelial
growth factor C (VEGF-C)-dependent manner, to form the pri-
mary lymph sacs from which the lymphatic vascular system
further develops following sprouting, branching, proliferation,
and remodeling processes®. However, a nonvenous origin of LECs
has also been described in the skin, mesenteries, and heart®-8. In
adulthood, while the blood and lymphatic vasculature are gen-
erally quiescent, they can be readily activated in pathological
conditions such as wound healing, inflammation, and cancer by
disturbance of the natural balance of pro- and anti-(lymph)
angiogenic factors"?. Therefore, this complex regulatory network
requires precise control of gene expression patterns at both
transcriptional and post-transcriptional levels in order to ensure
proper maturation, differentiation, and formation of blood and
lymphatic vessels.

In this scenario, many studies have recently revealed the
importance of a new member of the noncoding RNA clade,
termed long-noncoding RNAs (IncRNAs), in the regulation of
gene activity!®!l, In particular, the FANTOM (Functional
Annotation of the Mammalian Genome) consortium pioneered
the discovery of the noncoding RNA world by providing, through
Cap Analysis of Gene Expression (CAGE-Seq), the first evidence
that large portions of our genome are transcribed, producing a
multitude of sense and antisense transcripts'2, In the latest gen-
ome annotation, IncRNAs, which are arbitrarily defined as non-
coding RNAs longer than 200 nucleotides, constitute ~72% of the
transcribed genome!3, whereas mRNAs comprise only 19%,
indicating the need for functional annotation of IncRNAs.
Importantly, IncRNAs have recently been shown to display a
higher tissue-specificity than mRNAs, suggesting them as new
players in the regulation of cell-type-specific gene expression
programs!,

As IncRNAs lack a protein-coding role, their primary cate-
gorization is based on their genomic location and orientation
relative to protein-coding genes!®. IncRNAs can reside either
between protein-coding genes (intergenic, lincRNAs), between
two exons of the same gene (intronic IncRNAs), antisense to
protein-coding transcripts (antisense IncRNAs), or in promoters
and enhancers (natural antisense transcripts or transcribed from
bidirectional promoters)!®-18. IncRNAs may regulate gene
expression through a multitude of mechanisms depending on
their subcellular localization. For instance, in the nucleus,
IncRNAs can act as a scaffold for TFs, chromatin remodeling
complexes, or ribonucleoprotein complexes, indicating a potential

role in transcriptional regulation!®. Nuclear IncRNAs can fur-
thermore act in cis or trans to regulate gene expression by
the recruitment of activating and repressive epigenetic mod-
ification complexes. Cis-acting IncRNAs, such as the 17-kb X
chromosome-specific transcript Xist, regulate gene expression of
adjacent genes by directly targeting and tethering protein
complexes??21. On the other hand, trans-acting IncRNAs, such as
the HOTAIR IncRNA, regulate gene expression at distinct
genomic loci across the genome by serving as a scaffold that
assists the assembly of unique functional complexes?2.

In blood vessels, some IncRNAs have been reported to play a
role in angiogenesis (MALAT-1, Inc-Ang362)?3-2%, tumor-
induced angiogenesis (MVIH, HOTAIR)?%2/, and proliferation
as well as cell junction regulation of endothelial cells (MALAT-1,
Tie-1AS)?428. In contrast, although cancer cell expression of the
antisense noncoding RNA in the INK4 locus (ANRIL) and of
the lymph node metastasis associated transcript 1 (LNMATI)
have been associated with lymphangiogenesis and lymphatic
metastasis?®3%, lymphatic endothelial-specific IncRNAs have not
been identified or functionally characterized so far.

In the context of the international FANTOMS6 project, which
aims to functionally annotate all IncRNAs present in our genome,
we first determined lineage-specific IncRNAs associated with
human primary dermal LECs and BECs by combining RNA-Seq
and CAGE-Seq analyses. Genome-wide functional interrogation
after antisense-oligonucleotide (ASO) knockdown of robustly
selected LEC and BEC IncRNAs allowed us to identify
LINC01197, which we renamed LETR1 (lymphatic endothelial
transcriptional regulator IncRNA 1), as a lymphatic endothelial-
specific IncRNA that functions in the transcriptional regulation of
LEC growth and migration. We demonstrated that LETRI is a
trans-acting IncRNA that acts as a protein scaffold in order to
facilitate the assembly of unique functional epigenetic complexes
involved in gene expression regulation. Through these interac-
tions, LETR1 controls intricated transcriptional networks to fine-
tune the expression, above all, of essential proliferation- and
migration-related genes, including the tumor-suppressor TF
KLF4 and the semaphorin guidance molecule SEMA3C.

Results

Identification of a core subset of vascular lineage-specific
IncRNAs. To identify vascular lineage-specific IncRNAs, we per-
formed both RNA-Seq and CAGE-Seq’! of total RNA isolated
from neonatal human primary dermal LECs and BECs. Before
sequencing, the LEC and BEC identity was confirmed by qPCR
(Supplementary Figure 1la, b). Compared with RNA-Seq, CAGE-
Seq allows mapping transcription start sites (TSSs) after quanti-
fication of the expression of 5’-capped RNAs?2. To ensure endo-
thelial cell specificity, we included RNA-Seq and CAGE-Seq data
from neonatal human primary dermal fibroblasts (DFs)33. In a
first step, we performed differential expression (DE) analysis of
RNA-Seq and CAGE-Seq of LECs against BECs, LECs against
DFs, and BECs against DFs using EdgeR3%. From defined LEC- or
BEC-specific genes (see Methods section), we selected genes
annotated as IncRNAs in the recently published FANTOM CAT
database!3. Finally, we overlapped the RNA-Seq and CAGE-Seq
results to select IncRNAs identified as differentially expressed
using both techniques (Fig. 1a). RNA-Seq identified 832 LEC- and
845 BEC-associated IncRNAs, after the exclusion of 232 LEC and
672 BEC IncRNAs also expressed in DFs (Fig. 1b). In contrast,
CAGE-Seq identified 277 LEC IncRNAs and 243 BEC IncRNAs,
after the removal of 143 BEC and 282 LEC IncRNAs also
expressed in DFs (Fig. 1c). The integration of DF data sets led us
to determine a large fraction of IncRNAs differentially expressed
in the two vascular cell types compared with DFs, suggesting them
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Fig. 1 Identification of a core subset of vascular lineage-specific IncRNAs. a Schematic representation of the analysis pipeline. Total RNA was extracted
from two replicates of neonatal lymphatic and blood vascular endothelial cells (LECs and BECs) derived from the same donor and subjected to both RNA-
Seq and Cap Analysis of Gene Expression (CAGE-Seq). Neonatal dermal fibroblasts (DFs) data from FANTOM®6 database33 were included to increase
endothelial cell specificity. After differential expression (DE) analysis using EdgeR34, we overlapped the results from RNA-Seq and CAGE-Seq data to select
IncRNAs differentially expressed in both techniques. b, € MA plots displaying log, fold change (log,FC) against expression levels (logCPM) of DE genes
after RNA-Seq b and CAGE-Seq ¢ between LECs and BECs. Green and red dots: LEC- and BEC-specific IncRNAs (FDR < 0.01); light green and light red dots:
IncRNAs excluded from the analysis because also expressed in DFs; blue horizontal lines: chosen |log2FC| > 1 cutoff. d Venn diagrams showing the overlap
between RNA-Seq and CAGE-Seq and the identified LEC- (top) and BEC (bottom) core IncRNAs. LEC and BEC core IncRNAs are listed in Supplementary
Data 2. e, f Pie charts showing the genomic classification according to FANTOM CAT database'3 of LEC e and BEC f core IncRNAs compared to IncRNAs
generally expressed in LECs or BECs by both RNA-Seq and CAGE-Seq (RNA-Seq: TPM > 0.5 and CAGE-Seq: CPM > 0.5).

as endothelial-associated IncRNAs (Supplementary Data 1). The
overlap between RNA-Seq and CAGE-Seq data sets revealed 142
LEC- and 160 BEC-specific IncRNAs to be reproducibly expressed
in either LECs or BECs by both sequencing methods. We defined
these subsets as LEC and BEC core IncRNAs (Fig. 1d and Sup-
plementary Data 2). Remarkably, through this approach, we could
select more abundant and more differentially expressed LEC- and
BEC-associated IncRNAs compared to IncRNAs solely detected by
RNA-Seq (Supplementary Figure 1c, d).

To characterize the identified LEC and BEC core IncRNA
subsets, we analyzed their genomic classification related to protein-
coding genes, using the FANTOM CAT!3 annotations. We found
that the largest fraction of both LEC and BEC core IncRNAs were
categorized as intergenic IncRNAs (47.9% for LEC and 58.8% for
BEC), with a significant enrichment compared with all expressed
IncRNAs (fold enrichment = 1.9 resp. 2.17, P value < 0.05) (Fig. le,
f). Gene Ontology (GO) analysis of IncRNAs flanking protein-
coding genes using Genomic Regions Enrichment of Annotations
Tool (GREAT)3> and g:Profiler3® showed that both core IncRNA
subsets mainly reside near genes related to vascular development,
tissue morphogenesis, and endothelial cell function, including
proliferation, migration, and adhesion (Supplementary Figure le-h).

These results are intriguing since several intergenic IncRNAs have
previously been reported to play a prominent role in the regulation
of gene expression in a cell-specific manner!!.

Identification of IncRNA candidates for functional character-
ization by ASOs. To further select IncRNA candidates for
genome-wide functional screening, we relied on the FANTOM
CAT annotations!3. First, we filtered for IncRNAs with a conserved
transcription initiation region (TIR) and/or exon regions, based on
overlap with predefined genomic evolutionary rate profiling ele-
ments®’. Second, we selected for actively transcribed IncRNAs with
an overlap between TSSs and DNase hypersensitive sites (DHSs).
Third, filtering for expression levels in LEC and BEC RNA-Seq and
CAGE-Seq data sets (Fig. 2a) led to the identification of 5 LEC and
12 BEC IncRNAs that are potentially conserved at the sequence
level, actively transcribed, and robustly expressed in the respective
endothelial cell types (Fig. 2b, c). Finally, we identified through
qPCR 2 LEC (AL583785.1 and LETR1) and 2 BEC (LINC00973 and
LINC01013) IncRNAs that were consistently differentially expressed
between LECs and BECs derived from newborn and adult skin
samples (Fig. 2d, e). We next analyzed the expression levels of the
four IncRNA candidates and specific blood and lymphatic markers
in freshly isolated LECs and BECs from human healthy skin biop-
sies, using flow cytometry followed by qPCR (Fig. 2f). We found
that the two LEC and two BEC IncRNAs were also more highly
expressed in the respective endothelial cell type after ex vivo isola-
tion. Particularly interesting was that the LEC specificity of LETR1
was even more pronounced in freshly isolated ECs than in cultured
ECs, similar to the LEC lineage-specific TF PROX1 (Fig. 2g).
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As ASO GapmeRs are more effective in reducing the
expression of nuclear IncRNAs than short interference RNAs
(siRNAs)383%, we analyzed the subcellular localization of the two
LEC and two BEC IncRNAs in LECs and BECs, using cellular
fractionation followed by qPCR. For LEC IncRNAs, AL583785.1
was almost equally distributed between cytoplasm and nucleus,
whereas LETRI showed a higher nuclear distribution (Fig. 2h).
Both LINC00973 and LINC01013 were mainly localized in the
nucleus (Fig. 2i). Therefore, we next used the ASO-based
approach to analyze the genome-wide transcriptional changes
upon knockdown of the two LEC and two BEC IncRNAs. After

o 10 10
CD31-PE

10°

testing their knockdown efficiencies, we selected three out of five
ASOs for each IncRNA target (Supplementary Figure 2a-d and
Supplementary Data 3).

Transcriptional profiling after LETR1-ASOKD indicates
potential functions in cell growth, cell cycle progression, and
migration of LECs. To investigate the potential functional rele-
vance of the two LEC and two BEC IncRNAs, we first transfected
LECs and BECs with three independent ASOs per target, followed
by CAGE-Seq (Fig. 3a and Supplementary Figure 3a, b). Next, we
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Fig. 2 Identification of IncRNA candidates for functional characterization by antisense oligonucleotides (ASOs). a Diagram showing the selection
criteria for the final LEC and BEC IncRNA candidates: (1) sequence conservation of transcription initiation regions (TIR) and/or exon regions; (2) overlap
between transcription start sites (TSSs) and DNase hypersensitive sites (DHSs) as a hint for active transcription; (3) expression level cutoffs between LECs
and BECs. LEC IncRNAs: TPM and CPM in BECs < 5; TPM and/or CPM >10 in LECs; BEC IncRNAs: TPM and CPM in LECs < 5; TPM and CPM >10 in BECs.
b, c Heat maps based on expression levels of RNA-Seq (b, TPM, two replicates) and CAGE-Seq (¢, CPM, two replicates) of 5 LEC (green) and 12 BEC (red)
IncRNAs filtered from a. Color code for row Z score values on a scale from —1 to +1. Genes were ordered by RNA-Seq or CAGE-Seq log2FC values.
d, e Expression levels of the two LEC d and two BEC e final IncRNAs in LECs and BECs derived from neonatal and adult donors. Bars represent FC against
average BEC or LEC expression. f Representative flow cytometry plots showing the gating strategy used to isolate LECs and BECs from three donors of
healthy human skin samples. LECs: CD31+4 and CD34—; BECs: CD31+ and CD34+. g Expression levels of the four IncRNA candidates and endothelial
(CD31), lymphatic (PROX1, PDPN), and blood (FLT1) markers in freshly sorted LECs and BECs derived from three donors of healthy human skin samples.
Bars represent FC values against BEC. h, i Subcellular localization of the two LEC h and two BEC i IncRNAs in neonatal LECs and BECs derived from three
donors. Bars represent percentages of nuclear (black) and cytoplasmic (green: LEC; red: BEC) fractions. Data are presented as mean values + SD (n =3 in
d e g h andi;n=5indande). *P<0.05, **P<0.01, ***P < 0.001, ****P < 0.0001, ns: not significant, n.d.: not detected using paired two-tailed Student's t

test on ACt values against BEC (d, e, and g) or LEC (d, e).

performed DE analysis by comparing the combined results of the
three independently transfected ASOs per target with their
scrambled controls, using EdgeR with a Generalized Linear Model
(GLM)34, Finally, we defined DE genes by a false discovery rate
(FDR) <0.05 and a log, fold change (log2FC) > 0.5 resp. < —0.5
(Supplementary Data 4). We found that ASO knockdown
(ASOKD) of AL583785.1 in LECs and of LINC00973 and
LINCO01013 in BECs showed rather modest changes in gene
expression. AL583785.1-ASOKD caused changes of only nine
genes (four up and five down), LINC00973-ASOKD of 43 genes
(6 up and 37 down), and LINC01013-ASOKD of 24 genes (2 up
and 22 down) (Supplementary Figure 3c-g).

In contrast, ASOKD of LETRI had a high impact on the global
transcriptome of LECs, resulting in 133 up- and 122 down-
regulated genes (Fig. 3b and Supplementary Figure 3f). Among
these, several genes have previously been reported to play
prominent roles in vascular development and differentiation
pathways, including PTGS2, KLF4, VEGFA, and ANGPT2 among
the upregulated genes, and PROXI, CCBEI, SEMA3C, and
ROBOI among the downregulated genes*0-4%. GO analysis for
biological processes using g:ProfileR3® revealed that indeed both
up- and downregulated genes were enriched (P value < 0.05) for
terms related to vascular development. In addition, upregulated
genes were mainly involved in cell death, inflammatory signaling,
and response to external stimuli, whereas downregulated genes
were primarily related to the regulation of cell migration and
chemotaxis (Fig. 3c and Supplementary Data 5). Gene Set
Enrichment Analysis (GSEA)*® also identified significant (FDR <
0.05) biological processes related to cell migration, chemotaxis,
and response to external stimuli/virus. More importantly, several
downregulated biological processes were associated with cell
growth, cell cycle progression, and cytoskeleton organization
(Fig. 3d and Supplementary Data 6).

To identify TFs potentially affected by LETR1-ASOKD, we
performed Motif Activity Response Analysis (MARA)* by
analyzing the activity of 348 regulatory motifs in TF sites in the
proximal promoters of highly expressed genes in knockdown and
control samples (see Methods section). We found 19 upregulated
and 7 downregulated motifs, among which were binding sites
related to several TFs known to be essential for LEC biology,
including STAT6, KLF4, NR2F2 (COUPTFII), and MAFB#3:47:48
(P value < 0.05, Supplementary Data 7). Interestingly, KLF4 was
the only TF to be also upregulated on the transcriptional level
upon LETRI-ASOKD. Based on the MARA analysis, we next
reconstructed a gene regulatory network with the 255 genes
affected by LETR1-ASOKD. We identified modules of up and
downregulated genes linked with the identified TF motifs. Among
these modules, we found genes associated with endothelial cell
proliferation and migration, such as VEGFA, MAFF, ANGPT2,

RASDI1, PROX1, SEMA3C, and ROBOI40:49:50 (Fig. 3e, f). Overall,
these results suggest that the absence of LETRI has a critical
impact on the global transcriptome of LECs by affecting complex
TF regulatory networks targeting essential genes largely involved
in endothelial cell differentiation, proliferation, and migration.

LETRI1 is a bona fide IncRNA expressing three main transcripts
in LECs. Several lines of evidence from our molecular pheno-
typing screen pinpointed LETR1 as a potential functional IncRNA
in LECs. We next sought to investigate the potential coding
property of LETRI given its low presence in the cytoplasm
(Fig. 2h) and the previous evidence showing that putative
IncRNAs can function through translated micropeptides®!->3.
According to the FANTOM CAT database!?, LETRI1 transcribes
19 different exon combinations (Supplementary Figure 2b). Cal-
culation of the protein-coding probabilities through the Coding
Potential Assessment Tool (CPAT)’* and the Phylogenetic
Codon Substitution Frequencies (PhyloCSF)*> algorithms con-
firmed the noncoding nature of these 19 transcript variants
(Fig. 4a).

Subsequent characterization of LETR1 isoforms in LECs using
3’ Rapid Amplification of cDNA Ends (3> RACE) identified three
primary polyadenylated LETR1 transcripts that overlapped with
the RNA-Seq signal in LECs (Fig. 4b-d and Supplementary
Data 8). In vitro translation analysis confirmed that all three
transcripts could not generate any micropeptides (Fig. 4e).
Expression analysis of the three LETR1 transcripts by qPCR
revealed LETRI-1 as the most represented isoform in LECs
(Fig. 4f). Thus, we decided to focus our attention on this
transcript variant and, for simplicity, we will refer to this isoform
as LETRI.

Knockdown of LETR1 reduces cell growth, cell cycle progres-
sion, and migration of LECs in vitro. To investigate the
potential effects of LETR1-ASOKD on LEC growth, we per-
formed cell growth assays based on dynamic imaging analysis.
We found that LETR1-ASOKD strongly reduced cell growth of
LECs over time (Fig. 5a and Supplementary Figure 4a, b). To
study whether the cell growth phenotype was not owing to off-
target effects of the ASOs, we also performed cell growth assays
after CRISPR interference (CRISPRi)*°. Consistently, we found
that CRISPRi-KD of LETRI also significantly reduced the growth
rate of LECs. However, owing to the lower knockdown efficiency,
the effect was less prominent compared with ASOKD (Fig. 5b and
Supplementary Figure 4c, d). Next, we analyzed the cell cycle
progression of LECs upon LETR1-ASOKD, using flow cytometry.
Double staining for Ki-67 (proliferation marker) and propidium
iodide (PI, DNA content) showed that LETRI1-ASOKD
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significantly increased the percentage of LECs arrested in GO
(Fig. 5¢, d and Supplementary Figure 4e). Although there was a
slight increase of subGO LECs in LETR1-ASOKD samples, ana-
lysis of cleaved caspase 3-positive cells showed inconsistent
results where only LETR1-ASO2 caused a small but significant
increase in apoptosis in LECs, suggesting that apoptosis is not a
primary phenotype caused by the absence of LETR1 (Supple-
mentary Figure 5a).

As the transcriptional studies also indicated a potential role of
LETR1 in cell migration, we performed wound closure assays
(“scratch assays”) after LETR1-ASOKD in LECs pre-treated with
the proliferation inhibitor mitomycin C. We observed a
significant reduction of LEC migration compared with scrambled

6

GuAt

HELZ2

— Interactions with target genes

control ASO (Fig. 5e, f and Supplementary Figure 4f). Similarly,
LETR1-ASOKD significantly inhibited LEC migration in a trans-
well hapto-chemotactic assay (Supplementary Figure 5b, c).

We next studied whether ectopic overexpression of LETR1
could rescue the proliferation and migration phenotypes
observed after knockdown of endogenous LETR1. We therefore
overexpressed the most abundant transcript variant determined
by 3’ RACE (Fig. 4b-f) using a lentiviral vector and analyzed
the cell cycle progression and cell migration after LETRI-
ASOKD. We performed both assays with the most effective
LETR1-ASO2, which binds to the first intron recognizing
exclusively the endogenous but not ectopically overexpressed
LETR1 (Supplementary Figure 2b). The reintroduction of
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Fig. 3 Transcriptional profiling after LETR1-ASOKD indicates potential functions in cell growth, cell cycle progression, and migration of LECs.

a Schematic representation of the ASO-mediated perturbation strategy of two replicates of neonatal LECs and BECs derived from the same donor. Only
samples with ASOKD efficiency > 50% were subjected to CAGE-Seq. b Three-dimensional scatter plot showing log2FC values calculated between single ASO
against LETR1 and scrambled control ASO using EdgeR34. Orange and purple dots: significantly (FDR < 0.05) up- and downregulated genes (|log2FC| > 0.5)
after applying a generalized linear model (GLM) design; green dot: LETR1; orange and purple text boxes: examples of DE genes with important functions in
vascular biology. ¢ Top significantly (P value < 0.05) enriched Gene Ontology (GO) terms for biological processes of selected up- and downregulated genes
after LETR1-ASOKD, using g:ProfileR3¢ (relative depth 2-5). Terms were manually ordered according to their related biological meaning. Enriched GO terms
are listed in Supplementary Data 5. d Network of significantly (FDR < 0.05) enriched biological processes in LETR1-ASOKD data after Gene Set Enrichment
Analysis (GSEA)4° generated using Cytoscape and Enrichment Map'03, Orange and purple nodes: up- and downregulated GO terms; node size: total number
of genes included in the gene sets; color code of node borders: FDR values on a scale from 0.05 (white) to 0.001 (red); edge width: portion of shared genes
between gene sets starting from 50% similarity. To improve visualization, related biological processes were grouped manually using Wordcloud. Enriched GO
terms are listed in Supplementary Data 6. e, f Motif Activity Response Analysis (MARA) network of up- e and downregulated f transcription factor binding
motifs and their connection with 255 DE genes after LETR1-ASOKD. Only genes with at least a connection are displayed. Cyan/dark yellow ellipses:
differentially motifs with P value between 0.05 and 0.07; blue/brown ellipses: differentially motifs with P value < 0.01; orange and purple rectangles: up- and
downregulated genes, respectively; green edges: connections between deregulated genes and active motifs; red edges: connections between motifs. Enriched
TF motifs are listed in Supplementary Data 7.
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Fig. 4 LETR1 is a bona fide IncRNA expressing three main transcripts in LECs. a Cumulative fraction analysis of Coding Potential Assessment Tool

(CPAT)># (left) and Phylogenetic Codon Substitution Frequencies (phyloCSF)>> (right) scores of LETR1 (19 transcripts), GAPDH (21 transcripts, known
protein-coding gene), and MALAT-1 (15 transcripts, known IncRNA). P values were calculated using the two-sample Kolmogorov-Smirnov test. b Agarose
gel showing the results after 3’ Rapid Amplification of cDNA Ends (RACE) (two replicates). White boxes: two excited bands further processed following
the SMARTER 3’ RACE protocol. € Schematic representation of 3" RACE results depicting the three LETR1 transcripts expressed in LECs: LETR1-1 (1100
bp), LETR1-2 (1200 bp), LETR1-3 (-600 bp). RNA-Seq signal was visualized through the Zenbu genome browser'23, LETR1 transcript sequences are listed
in Supplementary Data 8. d Comparison of gPCR levels of GAPDH (polyA+), H2BK (polyA—), LETR1-1, LETR1-2, LETR1-3 after cDNA synthesis with either
oligodT or random hexamers primers in neonatal LECs derived from three donors. e In vitro translation assay results of LETR1-1, LETR1-2, and LETR1-3. A
construct containing the luciferase gene (62 kDa) was used as positive control. Uncropped western blot image is shown in Supplementary Figure 9. f

Expression levels of LETR1-1, LETR1-2, and LETR1-3 in neonatal LECs derived from three donors. Data are presented as mean values + SD (n=3 ind and f).

ectopic LETRI significantly ameliorated both phenotypes, As hinted by the GO analysis (Fig. 3¢ and Supplementary Data 5),
further supporting the role of LETR1 in cell growth and we additionally investigated the role of LETR1 in driving (lymph)
migration regulation. Overexpression of LETR1 per se did not angiogenic processes in vitro. To do so, we performed tube
enhance both cellular functions compared with scrambled formation and 3D-(lymph)angiogenic sprouting assays after LETR1-
control ASO, implicating a possible saturation of the regulatory =~ ASOKD in LECs. We found that knockdown of LETR1 significantly
system (Fig. 5g, h and Supplementary Figure 4g-i). reduced the ability of LECs to form capillary-like structures as well
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Fig. 5 Knockdown of LETR1 reduces cell growth, cell cycle progression, and migration of LECs in vitro. a, b Cell growth profiles and cell growth rates of
LECs over 48 h after ASOKD a or CRISPRi-KD b of LETR1 using IncuCyte. Confluences were normalized to To. Growth rates were calculated as the slope of
linear regression and normalized to scrambled control ASO/sgRNA. ¢ Representative flow cytometry plots of LECs after 24 h LETR1-ASOKD. Cells were
firstly gated with live/dead Zombie staining (upper plots). Resulting living cells were further gated for non-proliferating stages subGO and GO, and
proliferating stages G1, S, G2, and M, using propidium iodide (IP) and Ki-67 (lower plots). d Quantification of the cell cycle progression analysis of LECs
after 24 h LETR1-ASOKD. Bars represent percentages of gated living cells in subGO, GO, G1, S, G2, and M. e Representative images of the wound closure
assay (9 h) in LECs after LETR1-ASOKD. Confluence mask is shown for all time points. Before scratch, cells were incubated for 2 h with 2 ug/mL Mitomycin
C (proliferation inhibitor) at 37 °C. Scale bar represents 200 um. f Quantification of the wound closure assay (up to 9 h) of LECs after LETR1-ASOKD.
g Quantification of the cell cycle progression analysis of pCDH-empty vector (pCDH-EV) and pCDH-LETR1 infected LECs after 24 h LETR1-ASO2
knockdown. h Quantification of the wound closure assay (up to 9 h) of pCDH-EV and pCDH-LETR1 infected LECs after LETR1-ASO2 knockdown. Data are
displayed as mean values +SD (n=10ina, f, and h, n=5inb; n=3in g n=2 in d). Percentages represent LETR1 knockdown efficiencies after the
experiments. **P < 0.01, ****P < 0.0001 using ordinary one-way (for a, b, and g) and two-way (for a, b, f, and h) ANOVA with Dunnett's multiple
comparisons test against scrambled control ASO/sgRNA or LETR1-ASO2—scrambled control siRNA. In d, g, statistical analysis was performed on GO
populations. In f, h, percentages were determined for each time point using TScratch'0°. All displayed in vitro assays were performed in neonatal LECs
derived from the same donor.

as the ability to form sprouts in collagen gel-based assays, thereby  step to study the molecular mechanism of a IncRNA of interest is
confirming the essential role of LETRI in the regulation of essential to analyze its subcellular distribution at the single-molecule
LEC functions (Supplementary Figure 5d-g). level®”. To this end, we performed single-molecule RNA Fluor-

escence In Situ Hybridization (smRNA-FISH) in cultured LECs

and human skin samples®8. Consistent with the cellular fractio-
LETR1 is a nuclear IncRNA interacting in trans with DNA nation data (Fig. 2h), LETR1 was predominantly localized in the
regions near a subset of differentially expressed genes. A first nucleus of cultured LECs, showing a broad nuclear distribution
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with distinct foci (Fig. 6a, b). This localization pattern was also
observed in lymphatic vessels in human skin (Supplementary
Figure 6a), suggesting that LETR1 might exert a chromatin-
related function in vitro as well as in vivo.

To further elucidate the possible interactions between LETR1
and chromatin, we performed Chromatin Isolation by RNA
Purification followed by DNA Sequencing (ChIRP-Seq)>?. Cross-
linked LECs were hybridized with two biotinylated probe sets
(odd and even, internal controls) tiling LETR1 (Supplementary
Data 9). Probes targeting LacZ were used as an additional control.
After pull-down, the percentage of retrieved RNA was assessed
(Supplementary Figure 6b), and DNA was subjected to sequen-
cing. Using a previously published analysis pipeline>®, we found
2258 binding sites of LETR1 to be at least threefold significantly
enriched compared with input (P value <0.05; see Methods
section), including a peak in the LETR1 exon one region as pull-
down control (Supplementary Figure 6c and Supplementary
Data 10).

To identify candidate genes directly regulated by LETR1, we
first analyzed the genomic distribution of LETR1-binding sites.
Out of 2258 binding sites, 1497 mapped within protein-coding
genes (65.5%), with a large fraction residing in introns (1010
peaks, 68.3%) (Fig. 6¢). Since only 19% of all annotated genes are
categorized as protein-coding in the FANTOM CAT database!3,
these results suggested a preference of LETRI to interact with
regulatory regions near protein-coding genes (fold enrichment =
3.24, P value < 0.05). Therefore, we focused on the identified 1607
protein-coding genes displaying at least one LETR1-binding site
within their promoters, exons, or introns. From these, 1193 genes
were expressed in LECs, and comparison with the 255 modulated
genes upon LETR1-ASOKD showed a significant overlap of 44
genes (12 upregulated and 32 downregulated) (fold enrichment =
1.9, P value < 0.05) (Fig. 6d). Importantly, the vast majority of the
44 targets resided on different chromosomes, indicating a
predominant trans-regulatory function of LETRI (Fig. 6e and
Supplementary Data 10). These included important lymphatic-
related genes such as KLF4, ROBO1, SEMA3A, SEMA3C, and
CCBEI. Interestingly, 29 of the 44 targets showed a congruent
higher expression in LECs for downregulated genes or in BECs for
upregulated genes, implicating these genes as potential down-
stream targets of LETRI1 (Fig. 6f).

Motif analysis using Multiple Em for Motif Elicitation (MEME)®0
of the 53 binding regions present in the 44 target gene bodies
identified two significantly enriched motifs (E value: 2.01 x 10~6—
motif 1; E value: 7.90 x 10~ ®—motif 2), suggesting that LETR1
interaction with the genomic DNA might happen through a distinct
DNA motif (Supplementary Figure 6d, e). Comparison motif
analysis using Tomtom®! revealed that LETR1 motifs displayed a
significant similarity with several TF-binding sites previously
identified by MARA (Supplementary Figure 6f, g). Additionally,
triplex analysis using Triplexator® identified 30 matching triplex-
forming oligonucleotides (TFO)-triplex target sites (TTS), showing
that LETRI1 binding to the target genomic regions might involve
triplex formation (Supplementary Data 11). Taken together, these
data further support the conclusion that LETRI is a critical
gatekeeper of the LEC transcriptome via influencing complex TF
regulatory networks.

LETR1 regulates cell proliferation and migration through
transcriptional regulation of KLF4 and SEMA3C. Among the
44 potential downstream targets of LETR1, KLF4 caught our
attention as a potential cell proliferation regulator given its well-
established tumor-suppressor role®3 and the previously observed
upregulation at the RNA level as well as increased TF-binding
activity upon LETR1 knockdown (Fig. 3). Among cell migration

regulatory molecules, we focused on one member of the sema-
phorin protein family, SEMA3C, that was previously shown to
enhance migration in endothelial cells®.

To functionally characterize the relationship between LETRI
and KLF4 as well as SEMA3C, we performed the experimental
strategies represented in Fig. 7a. For KLF4, we analyzed the cell
cycle progression of LECs after LETR1-ASO2 knockdown,
followed by siRNA knockdown of KLF4. As expected, LETRI-
ASO2 knockdown resulted in an upregulation of KLF4 as well as
an increase of GO-arrested LECs. Consecutive knockdowns of
LETR1 and KLF4 rescued this phenotype by significantly
increasing the fraction of proliferating LECs. However, down-
regulation of KLF4 alone (by 70%) was not sufficient to
consistently improve the proliferation activity of LECs (Fig. 7b, ¢
and Supplementary Figure 7a). For SEMA3C, we first ectopically
overexpressed the SEMA3C protein in LECs, using a lentiviral
vector (Supplementary Figure 7b). Subsequently, we analyzed the
migratory behavior of infected LECs after LETR1-ASO2 knock-
down. Again, LETR1-ASO2 knockdown alone caused the expected
downregulation of SEMA3C as well as reduced migration in the
vector-control cells. In contrast, overexpression of SEMA3C in
conjunction with LETR1-ASO2 knockdown showed a significant
recovery of migration capability, as compared to LETRI-ASO2
knockdown alone. SEMA3C overexpression alone did not affect
cell migration of LECs (Fig. 7d, e and Supplementary Figure 7c).

LETRI1 interacts with several protein complexes to exert its
transcriptional regulatory function. To identify proteins that are
potential co-regulator of LETRI target genes, we performed
in vitro biotin-LETR1 pull-down assays®®. Nuclear extracts of
LECs were incubated with the biotinylated full-length LETR1
transcript and its antisense as negative control (Supplementary
Figure 8a, b). After streptavidin bead separation, mass spectro-
metry was performed to identify possible interacting proteins.
Initial analysis identified a total of 642 proteins. After filtering for
proteins present in both replicates but absent in the antisense
control, we found 59 proteins to interact with LETR1 (Supple-
mentary Data 12). GO analysis for molecular functions and cel-
lular compartments using g:ProfileR3¢ confirmed that the 59
identified proteins were significantly enriched for nuclear RNA-
binding proteins (Supplementary Figure 8¢, d). Protein-protein
interaction analysis using Search Tool for Recurring Instances of
Neighbouring Genes (STRING)®® revealed that a large fraction of
these 59 proteins were associated with RNA-processing functions,
such as RNA splicing, RNA polyadenylation, and RNA nuclear
transport. Furthermore, six proteins were associated with chro-
matin remodeling and three with nuclear organization, suggesting
that LETR1 may operate at several levels to regulate gene
expression (Fig. 8a).

To screen for protein candidates, we analyzed the RNA
expression of the 59 proteins interacting with LETR1 in LECs
versus BECs. Four proteins (DDX39A, NUMAI, RBBP7, and
DDX5) had a log2FC > 0.5 in LECs and a unique peptide
detection greater than five (Fig. 8b). Among these proteins, we
identified the histone-binding protein RBBP7, which has
previously been reported to be involved in the regulation of
many cellular functions, including proliferation and
migration®”-%8. Subsequent RNA immunoprecipitation assays in
LECs validated the interaction between RBBP7 and LETRI,
suggesting RBBP7 as a potential mediator of LETR1 gene
regulatory functions (Fig. 8¢, d).

To evaluate the extent to which the interaction with RBBP7
mediates the transcriptional regulatory function of LETRI, we
performed a series of chromatin immunoprecipitation experiments
followed by qPCR after LETR1-ASO2 knockdown (Fig. 8e, f). First,
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Fig. 6 LETR1 is a nuclear IncRNA interacting in trans with DNA regions near a subset of differentially expressed genes. a Representative images of
negative control dapB (bacterial gene), MALAT-1 (nuclear IncRNA), and LETR1 expression using single-molecule RNA Fluorescence In Situ Hybridization
(smRNA-FISH) in neonatal LECs derived from two donors. Immunostaining of endothelial cell marker CD31 was used to outline cell shape. Scale bars
represent 20 um. b Quantification of the nuclear (green) and cytoplasmic (black) smRNA-FISH signal of LETR1 in neonatal LECs derived from two donors
quantified with ImageJ108. Bars represent percentages displayed as mean values + SD (n=2). ¢ Pie chart showing the genomic localization of the 2258
LETR1 peaks in protein-coding, overlap between protein-coding and noncoding, noncoding, and intergenic regions according to FANTOM CAT annotations
using bedtools'®. Magnification shows the distribution of LETR1-binding sites within promoter, exon, or intron of protein-coding genes (1607 genes). LETR1
peaks are listed in Supplementary Data 10. d Venn diagrams showing the overlap between total genes expressed in LECs (TPM and CPM > 0.5) and
identified LETR1-ChIRP genes, and the significant overlap between LETR1-ChIRP genes and differentially expressed genes after LETR1-ASOKD. e Circular
plot showing genome-wide interactions of LETR1 near the 44 targets generated by Circos!’. Scaled chromosomes with their respective cytobands are
placed in circle. Major and minor ticks: 50 Mb and 10 Mb; orange and purple lines: interactions between LETRT locus and its up- and downregulated targets;
green line: genomic locus of LETR1. f Heat maps based on expression levels (CAGE-Seq, CPM) in scrambled control ASO and LETR1-ASOKD samples
(left, two replicates), as well as in LECs and BECs (right, two replicates) of the 44 LETR1 targets (orange: upregulated; purple: downregulated). Color code
for row Z score values on a scale from —1 to +1. Genes were ordered by log2FC values of ASOKD data and according to their differential expression
between LECs and BECs.
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Fig. 7 LETR1 regulates cell proliferation and migration through transcriptional regulation of KLF4 and SEMA3C. a Schematic representation of the
experimental strategy to analyze the rescue of LETR1-ASO2 knockdown associated phenotypes with involved up- and downregulated genes after
combining LETR1 knockdown and gene targets dysregulation. MOI: multiplicity of infection. b Expression levels of KLF4 after consecutive LETR1-ASO2
knockdown followed by siRNA-KD of KLF4 in neonatal LECs derived from three donors. ¢ Quantification of the cell cycle progression analysis after 48 h
consecutive knockdown of LETRT and KLF4. Statistical analysis was performed on GO populations. d Expression levels of SEMA3C after LETR1-ASO2
knockdown in pCDH-EV and pCDH-SEMA3C infected neonatal LECs derived from three donors. e Quantification of wound closure assay (up to 9 h)

in neonatal LECs after the combination of SEMA3C overexpression and LETRT-ASO2 knockdown. Wound closure percentages were determined using
TScratch'0®. Data are displayed as mean values + SD (n=3 in b-d; n=10 in e). Percentages represent the knockdown efficiencies of LETR1 after the
experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant using RM one-way (for b, d), ordinary one-way (for ¢), and ordinary two-
way (for @) ANOVA with Dunnett's multiple comparisons test against scrambled control ASO—scrambled control siRNA (b), LETR1-ASO2—scrambled
control siRNA (c), pCDH-EV—scrambled control ASO (d), and pCDH-EV-ASO?2 (e). All displayed in vitro assays were performed in neonatal LECs derived

from the same donor.

we analyzed in LETR1-deficient samples the recruitment of RBBP7
at the TSSs of KLF4 and SEMA3C and at the identified LETR1-
binding regions. Subsequently, we further evaluated the effects of
LETRI knockdown on the recruitment of RNA Polymerase II
(RNA Pol II) and on the enrichment of positive (H3K4me3) or
negative (H3K27me3) histone marks at the transcription initiation
region of these two target genes (Supplementary Figure 8e, f). We
found that the lack of LETRI significantly decreased RBBP7 and
RNA Pol II localization at both KLF4 and SEMA3C promoters
(Fig. 8g, h). Remarkably, we found that the absence of
LETR1 significantly affected the recruitment of RBBP7 only at
the identified LETR1-binding site present in the KLF4 genomic
locus (Fig. 8g). This is intriguing since only the binding region of
KLF4 displayed the predicted LETRI motif as well as triplex-
forming pairs, suggesting that LETR1 occupancy at the genomic
loci might involve both direct and transient RNA:DNA interactions
(Supplementary Figure 8g). At the histone modification level,
knockdown of LETRI impacted merely the H3K4me3 modification,
especially at the TSS of SEMA3C (Fig. 8i). H3K27me3 levels,
however, were unaltered after LETR1-ASO2 knockdown (Fig. 8j).
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Taken together, these results suggest that LETR1 acts as a
transcriptional regulator by mediating, through RBBP7, the
recruitment of RNA Pol II and, to some extent, the chromatin
organization at the site of transcription of target genes.

In summary, our multilayered mode of action analysis
demonstrates that LETR1 is a nuclear IncRNA that interacts
with essential epigenetic partners, especially RBBP7, to regulate
cell growth and cell migration of LECs by tuning the expression
of distinct target genes, in particular KLF4 and SEMA3C (Fig. 8k).

Discussion

Precise regulation of proliferation, migration, and maintenance of
cellular identity is not only essential to ensure proper develop-
ment and integrity of the vascular systems, but also to guarantee
that LECs and BECs are able to perform their necessary func-
tions. In this study, we characterized a comprehensive map of
lineage-specific IncRNAs in LECs and BECs, and analyzed the
transcriptional impacts after ASO-mediated knockdown of LEC-
and BEC-specific IncRNAs followed by CAGE-Seq. Importantly,
we identified LETRI1, originally annotated as LINC01197, as a
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lymphatic-specific IncRNA that is essential in the regulation of
LEC growth and migration.

By integrating RNA-Seq and CAGE-Seq transcriptome profil-
ing, we showed that LECs and BECs express a specific cohort of
IncRNAs, mainly residing near vascular-related protein-coding
genes. These results are in accordance with the intriguing concept
that cells might display a set of IncRNAs explicitly expressed to
function in the fine-tuning of cell type-specific gene expression
programs!!. Most notably, our selection strategy highlighted two
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LEC (AL583785.1 and LETR1) and two BEC (LINC00973 and
LINCO01013) IncRNAs that are robustly and differentially
expressed in the respective endothelial lineage. These candidates
therefore represent the first set of lineage-specific LEC and BEC
IncRNA markers.

The nuclear localization of our IncRNA candidates coincides, to
some extent, with previous findings, demonstrated by RNA in situ
hybridization, that IncRNAs are commonly located in the
nucleus®. To investigate the biological functions of these IncRNA
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