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ABSTRACT

Many nascent long non-coding RNAs (IncRNAs) un-
dergo the same maturation steps as pre-mRNAs
of protein-coding genes (PCGs), but they are often
poorly spliced. To identify the underlying mecha-
nisms for this phenomenon, we searched for puta-
tive splicing inhibitory sequences using the ncRNA-
a2 as a model. Genome-wide analyses of intergenic
IncRNAs (lincRNAs) revealed that lincRNA splicing
efficiency positively correlates with 5'ss strength
while no such correlation was identified for PCGs.
In addition, efficiently spliced lincRNAs have higher
thymidine content in the polypyrimidine tract (PPT)
compared to efficiently spliced PCGs. Using model
lincRNAs, we provide experimental evidence that
strengthening the 5'ss and increasing the T content
in PPT significantly enhances lincRNA splicing. We
further showed that lincRNA exons contain less pu-
tative binding sites for SR proteins. To map bind-
ing of SR proteins to lincRNAs, we performed iCLIP
with SRSF2, SRSF5 and SRSF6 and analyzed eCLIP
data for SRSF1, SRSF7 and SRSF9. All examined SR
proteins bind lincRNA exons to a much lower extent
than expression-matched PCGs. We propose that lin-
cRNAs lack the cooperative interaction network that
enhances splicing, which renders their splicing out-
come more dependent on the optimality of splice
sites.

INTRODUCTION

The majority of long non-coding RNAs (IncRNAs) were
discovered several years ago when it was shown that large
parts of the human genome are transcribed (1,2), but only

a fraction of these transcripts accounted for protein-coding
genes (PCGs) (3). It was suggested that transcripts of non-
coding genes (genes with minimal or no protein-coding po-
tential) represent important regulators of PCG expression
that control every level of gene expression programs (for re-
views see 4-7). In general, IncRNAs are expressed at lower
levels (8-10) and are under weaker evolutionary constraints
than PCGs (11-14). LncRNAs also display more diverse
tissue-specific expression patterns than PCGs (8,12,15) and
are modestly enriched in the chromatin and nuclear frac-
tions (8,9,16).

Many nascent IncRNAs contain introns and undergo the
same RNA processing steps as pre-mRNAs including cap-
ping, splicing, and polyadenylation (17). The biggest simi-
larity with PCGs in terms of genomic structure, gene length
etc. has been found for long intergenic non-coding RNAs
(lincRNAs) (8,15). It is believed that introns of IncRNAs
are spliced by the same splicing machinery as pre-mRNAs
(reviewed in 18,19). The 5 splice site (5'ss) is recognized
by the Ul snRNP. The 3’ splice site (3'ss), including the
branch point (BP), the polypyrimidine tract (PPT), and the
YAG motif at the 3’ end of the intron, is bound by U2
snRNP-associated factors (SF1, U2AF1/2 (U2AF35/65)),
which subsequently recruit the U2 snRNP to the BP (re-
viewed in 19,20). Because cryptic splice sites are relatively
abundant throughout the transcribed regions, the recogni-
tion of the correct exon boundaries is a crucial step dur-
ing the splicing process. High fidelity of splice site recogni-
tion is mediated throughout a network of interactions that
include snRNA base-pairing with sequences around splice
sites and the binding of numerous splicing regulatory pro-
teins, e.g. U2 auxiliary factors, SR proteins and hnRNP
proteins (reviewed in 20,21). These regulatory factors bind
short sequences classified as splicing enhancers or silencers.
Moreover, the activities of these regulatory elements are
often context-dependent, and they can activate or repress
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splicing according to their location within the transcript

(22-26).
Several  bioinformatic ~ studies  reported  that
IncRNAs/lincRNAs, both steady-state and nascent

RNAs, are less efficiently spliced than pre-mRNAs of
PCGs (10,15,27-29). One possible mechanism explaining
the apparent difference in the splicing efficiencies between
lincRNAs and PCGs is the absence of proximal RNA
Pol II phosphorylation over 5'ss in lincRNA transcripts
(10). However, the precise molecular mechanism for this
phenomenon has not been elucidated. Here, we combined
bioinformatic and experimental approaches to determine
cis- and frans-acting factors that are responsible for the
poor splicing of lincRNAs.

MATERIALS AND METHODS
Cell culture

HeLa cells were cultured in high glucose (4.5 g/l) DMEM
(Sigma) supplemented with 100 U/ml penicillin, 100 pg/ml
streptomycin (Penicillin/Streptomycin, Gibco) and 10%
(v/v) fetal bovine serum (FBS, Gibco) at 37°C and 5% CO,.

Plasmids and transfections

The ncRNA-a2 gene (PCAT6 — ENSG00000228288) was
placed under the control of the CMV promoter in the
pEGFP-C1 backbone using Nhel and HindIII restriction
sites, replacing the sequence of the GFP gene with the
ncRNA-a2 gene (pEGFP-C1_ncRNA-a2). We introduced
Multiplex Identifier barcode sequences (10 nt MID3 and
10 nt MID4, Roche) at the 3’end of the ncRNA-a2 gene
to specifically detect transiently expressed ncRNA-a2 tran-
scripts.

The human hemoglobin subunit beta (HBB) gene
(ENSG00000244734) was amplified from genomic DNA
and cloned between the Kpnl and HindlIII restriction sites
of the pcDNA3 plasmid (pcDNA3_HBB). The ncRNA-a2
gene containing HBB intron 2 was prepared from pEGFP-
Cl.ncRNA-a2, whereby the HBB intron 2 (pEGFP-
C1_ncRNA-a2_HBB-intron2) sequence was amplified from
genomic DNA and cloned into the pPEGFP-C1_ncRNA-a2
construct by site-directed mutagenesis PCR. The ncRNA-
a2 with HBB intron 2 ncRNA-a2 5’ss construct was pre-
pared from pEGFP-C1_ncRNA-a2_HBB-intron2 by site-
directed mutagenesis PCR. The HBB gene containing
the ncRNA-a2 intron (pcDNA3_HBB_ncRNA-a2-intron)
was prepared from pcDNA3_HBB whereby the ncRNA-
a2 intron sequence was PCR amplified and cloned into
pcDNA3_HBB without HBB intron 2 by site-directed mu-
tagenesis PCR. The HBB with with ncRNA-a2 intron HBB
5’ss construct was prepared from pcDNA3_HBB_ncRNA-
a2-intron by site-directed mutagenesis PCR. The plasmid of
the nc RNA-a2 gene containing the HBB PPT was cloned in
the same way (nucleotides 823-847 of HBB intron 2 were
used as the HBB PPT).

NcRNA-a2 deletion mutants (FAI1-8, RAI1-7, Al-7,
APPT, A60), ncRNA-a2 mutants with ISE motifs, ncRNA-
a2 mutants with modified PPT and 5ss mutants were

prepared by PCR with specific primers using pEGFP-
C1_ncRNA-a2 as a template. The FA1-8 mutants were pre-
pared by deletion of regions gradually increasing by 20 bp
starting 6 bp downstream of the 5’ss. Similarly, RA1-7 mu-
tants were prepared by deletion of regions gradually in-
creasing by 20 bp starting 40 bp upstream of the 3’ss. The
A1-7 mutants were prepared by sequential deletion of 20
bp starting 6 bp downstream of the 5’ss. Mutants with ISE
motifs and a negative control with a degenerated motif (30)
were introduced 25 bp downstream of the 5’ss (individual
ISE motif sequences are listed in the Supplementary Data).
In APPT, 4 bp were deleted in the ncRNA-a2 intron se-
quence (intron positions: 198-201). In A60 mutants, 60 bp
regions were deleted in the middle of the ncRNA-a2 intron
(intron positions: 67-125). In ncRNA-a2 mutants with a
modified PPT, nucleotides 181-201 of the ncRNA-a2 intron
were modified (T21 — all nucleotides to Ts, CtoT — all Cs
to Ts, GAtoT — all Gs and As to Ts). BPs of all IncRNAs
used in the study and the HBB intron 2 were predicted by
the SVM-BPfinder online tool (31) and sequences between
the predicted BP and the 3’ YAG motif were mutated. For
further information on the modified sequences, see Supple-
mentary Data.

SNHGS (ENSG00000269893), BX088651.4
(ENSG00000237357), BX005266.2 (ENSG00000226007),
AC005840.2 (ENSG00000256433) and AC116021.1

(ENSG00000254639) genes were amplified from genomic
DNA and cloned into the pEGFP-C1 backbone using
Nhel/Agel and HindIIl/Kpnl restriction sites, replacing
the sequence of the GFP gene. We introduced Multiplex
Identifier barcode sequences (MID5 and MID6, Roche)
immediately downstream of the genes to specifically detect
ectopically expressed transcripts.

All constructs have been verified by DNA sequenc-
ing. Plasmids were transiently transfected into cells us-
ing Lipofectamine® 3000 Transfection Reagent (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tions and incubated for 24 h with a medium change 6 h after
the transfection.

RNA isolation, reverse transcription and gPCR

Cells were grown to 90% confluency and RNA was iso-
lated using either the TRIzol reagent (Thermo Fisher Sci-
entific), which allows for simultaneous isolation of RNA
and proteins, or the RNAzol reagent (Molecular Research
Center). RNA was further precipitated with isopropanol,
resuspended in Nuclease-Free Water (Ambion) and treated
with Turbo DNase (Ambion) according to the manufac-
turer’s protocol. Reverse transcription was performed with
SuperScript III (Thermo Fisher Scientific) using 5 pg of
total RNA per 20 pl reaction and either random hex-
amer primers or primers complementary to barcode se-
quences downstream of ectopically expressed lincRNAs, re-
spectively. cDNA was analyzed by quantitative PCR us-
ing LightCycler 480 (Roche) and LightCycler® 480 SYBR
Green I Master (Roche) using the 2722¢ method [(Ct gene
of interest — Ct internal control) sample A — (Ct gene of in-
terest — Ct internal control) sample B]. A list of used primers
is provided in the Supplementary Data.



Western blot and antibodies

Proteins were isolated from TRIzol fractions, precipitated
with isopropanol and resuspended in NEST-2 buffer (50
mM Tris—HCI pH 6.8, 20 mM EDTA, 5% (w/v) SDS). Pro-
teins were resolved on a 12% (cellular fractions) or 10%
(hnRNP H siRNA KD, RIP) SDS-PAGE, blotted onto a
nitrocellulose membrane and detected using the indicated
antibodies and SuperSignal Femto/Pico West (Thermo
Fisher Scientific). For western blot, the following antibod-
ies were used: rabbit a-H3 (Abcam ab1719), rabbit U2B*
(PROGEN 57036), mouse a-tubulin kindly provided by
Pavel Draber (Institute of Molecular Genetics of the Czech
Academy of Sciences, Prague, Czech Republic), mouse hn-
RNP F/H (Santa Cruz sc-32310) and mouse U2AF2 (Santa
Cruz sc-53942).

Cellular fractionation

Cellular fractionation assays were performed as previously
described (32). Cells were grown to 90% confluency, washed
with PBS and scraped into PBS/1mM EDTA. The pellet
was resuspended in ice-cold NP-40 lysis buffer (10 mM Tris—
HCIpH 7.5, 0.15% NP-40, 150 mM NaCl) for 5 min. Then,
the lysate was placed on 2.5 volumes of an ice-cold sucrose
cushion (24% sucrose in NP-40 lysis buffer) and centrifuged
for 10 min at 4°C. The supernatant (cytoplasmic fraction)
was stored at 4°C for subsequent RNA isolation. The pel-
let was washed with ice-cold PBS/1mM EDTA and resus-
pended in glycerol buffer (50% glycerol, 20 mM Tris—HCI
pH 7.9, 75 mM NacCl, 0.5 mM EDTA, 0.85 mM DTT and
0.125 mM PMSF). An equal volume of nuclei lysis buffer
(10 mM HEPES pH 7.6, 1 mM DTT, 7.5 mM MgCl,, 0.2
mM EDTA, 0.3 M NaCl, 1 M urea, 1% NP-40) was added,
samples were incubated for 2 min on ice and centrifuged
for 2 min at 4°C. The supernatant (soluble nuclear fraction)
was stored at 4°C for subsequent RNA isolation. The pellet
(chromatin fraction) was washed with ice-cold PBS/1 mM
EDTA. RNA from all fractions was isolated using the TRI-
zol reagent as described above.

SiRNA treatment

Pre-annealed siRNA duplexes were obtained from Ambion
-hRNP H1 (s6728): 5 GAAGCAUACUGGUCCAAAUTt
3, ncRNA-a2: 5 CCTCCTTACTCTTGGACAAtt 3,
ncRNA-a5: 5 CCTTGGAGAATAAAGCTTALtt 3'. The
negative control # 5 siRNA from Ambion was used as a
negative control. SIRNAs were transfected with Oligofec-
tamine (Thermo Fisher Scientific) at a final concentration
of 50 nM according to the manufacture’s protocol. Cells
were incubated for 72 h (hnRNP H) and 48 h (ncRNA-as)
and then harvested and analyzed. After siRNA treatment
of ncRNAs, the expression of PCGs in their vicinity
were evaluated — KDMS5B (ENSG00000117139), RABIF

(ENSGO00000183155), KLHLI2 (ENSG00000117153),
ADIPORI1 (ENSG00000159346), PQLC3
(ENSG00000162976), ROCK2 (ENSG00000134318),

E2F6 (ENSG00000169016).
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RNA immunoprecipitation

Cells were grown to 80-90% confluency and 24 hours after
transfection with various ncRNA-a2 constructs, cells were
washed with PBS and scraped into 2 ml PBS. 2 ml of nuclear
isolation buffer (1.28 M sucrose, 40 mM Tris—HCI pH 7.5,
20 mM MgCl,, 4% Triton X-100) and 6 ml of water were
added, and cells were incubated 20 min on ice with frequent
mixing. Nuclei were pelleted by centrifugation at 2500g for
15 min and resuspended in 1 ml RIP buffer (150 mM KCl,
25 mM Tris-HCl pH 7.4, 5mM EDTA, 0.5 mM DTT, 0.5%
NP-40) with freshly added 100 U/ml RNasin (Promega)
and 5 pl Protease Inhibitor Cocktail Set 111, EDTA-Free
(Calbiochem). Then, nuclei were split into two 500 .l frac-
tions (IP, mock) and mechanically sheared by a dounce ho-
mogenizer with three times 20 strokes (0.5 s, 40% ampli-
tude). Nuclear membranes and debris were removed by cen-
trifugation at 13,000 rpm for 10 min. Supernatants were
transferred into siliconized tubes, and 10% was frozen and
stored at —80°C for RNA /protein isolation (10% inputs).
Antibodies were added (IP:2 pg of U2AF2 — Santa Cruz
sc-53942, mock: 4 pg of IgG from mouse serum — Sigma
15381) to the remaining supernatants and samples were in-
cubated at 4°C overnight with gentle rotation. Then, 40 .l
of Protein G PLUS agarose beads (Santa-Cruz Biotechnol-
ogy, sc-2002) were added to the lysates and further incu-
bated for 1 h at 4°C with gentle rotation. Beads were pel-
leted at 2500 rpm for 30 s and washed three times with 500
wl RIP buffer, followed by one additional wash with PBS.
Co-precipitated and input RNA and proteins were isolated
by resuspending the beads in 1 ml (10% inputs) or 500 wl
(IPs) TRIzol reagent (LifeTechnologies). RNA and proteins
were isolated and analyzed as described above.

Calculation of splice site strength

The human hgl9/GRCh37 genome assembly was used
as the reference genome with annotations obtained from
GENCODE (Release 19) for both, PCGs and lincR-
NAs (33). Single-exon genes were filtered out. The re-
maining list with the coordinates of all intron-containing
lincRNAs and PCGs was used to extract positions —
3 to +6 and -20 to +3 from each 5 and 3'ss using
a custom python script. The corresponding sequences
were retrieved using BEDTools getfasta (34) (v2.17.0),
and splice site scores were calculated using the Maximum
Entropy Score algorithm (http://genes.mit.edu/burgelab/
maxent/Xmaxentscan_scoreseq.html) (35).

Splicing index, exon/intron length and polypyrimidine tract
analysis

The splicing index (SI) was computed from RNA-Seq
datasets of five different human cell lines (A549, H1-hESC,
HepG2, HelLa and MCF7) obtained from the ENCODE
project (https://www.encodeproject.org/experiments/)
(36). Processed and mapped data files (bam files)
were downloaded from the ENCODE website:
A549—ENCFF000ELG, HI-hESC—ENCFF000FEH,
HepG2—ENCFF(074BOV, HeLa—ENCFF485AHM and
MCF7— ENCFFO000HSJ. To establish a list of expressed
genes in each cell line separately, we calculated Reads Per
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Kilobase of transcript per Million mapped reads (RPKM)
values for each gene in each of the cell lines. Only genes
with RPKMs higher than 0.01 were considered expressed.
The top 10% highly expressed PCGs were filtered out to set
an upper expression threshold. All lincRNAs with RPKMs
above this threshold were removed from further analysis.
The SI was calculated as described previously in (37). Each
bam file was divided into two separate files — gapped reads
and non-gapped reads. Gapped reads were extracted from
the bam files using samtools with an awk command based
on CIGAR strings containing the ‘N’-label (gap reads)
and mapped to the corresponding 5" and 3’ss. Non-gapped
reads were extracted based on CIGAR strings without ‘N’-
label (no gap in read). Alternative exons with overlapping
coordinates were excluded from this analysis. To obtain
unspliced reads, the last nucleotide in the intron and 25
nucleotides from the exon were extracted at each 3’ss. Reads
overlapping the last intronic nucleotide were counted from
the extracted non-gapped reads using BEDTools Coverage
(v2.17.0) (34) with -split and -s options. Custom R scripts
were used to determine the SI of all 3'ss for PCGs and
lincRNAs. SIs were computed only for 3’ss that contained
both, spliced (gapped) and unspliced reads (overlap with
the last nucleotide of the intron) and were calculated as the
ratio between the number of spliced and unspliced reads by
a custom R script.

Gene and exon co-ordinates were obtained from GEN-
CODE v27. BEDTools Subtract (34) was used to get in-
tronic co-ordinates by substracting the exonic co-ordinates
from the gene co-ordinate. Custom R script was used to plot
the cumulative distribution for exon and intron lengths.

Obtained SI values were ordered and divided into four
groups, representing low, medium, high and highest splic-
ing efficiency. From the grouped introns, 5’ss (3 bp upstream
and 6 bp downstream) and a region of 40 bp upstream
of the 3'ss including the polypyrimidine tract (PPT) was
extracted. Sequence logos were produced using WebLogo
(http://weblogo.berkeley.edu/logo.cgi) (38). Percentages of
T, G, C and A nucleotides were calculated for each region
and mean percentages computed for each group using cus-
tom Perl scripts.

Prediction of secondary structures

To evaluate potential secondary structures of lincRNAs and
PCGs, we utilized two alternative approaches. First, we ran-
domly selected 5000 introns from PCG or lincRNAs shorter
than 2000 bp. Then we applied RNAfold (https://www.tbi.
univie.ac.at/RNA/) to predict the base-pairing potential of
selected introns using default parameters (39). To calculate
the base pairing probability, we divided the number of base-
pairs by the total number of intron nucleotides. Alterna-
tively, we randomly selected 5000 introns from PCG or lin-
cRNAs and calculated the minimum free energy of 100 bps
around 3'ss and 5’ss using RNAfold (39).

SRSF-binding and splicing silencer motif prediction

SRSF protein-binding motif and splicing silencer consensus
motif distributions around splice sites were visualized using
the Bioconductor R packages (40). The references for SR

binding consensus motifs with [UPAC nucleotide ambigu-
ity codes are listed in the Supplementary Data. Windows of
200 bp (100 to +100) were extracted around the 5'ss and
3’ss for both, PCGs and lincRNAs. The import.bed func-
tion was used from the Rtracklayer Bioconductor R pack-
age (41), and the corresponding sequences were extracted
using the getSeq function. The getPatternOccurrenceList
function of seqPattern R package was used to obtain the
position of each consensus pattern occurrence for each se-
quence. A total number of motifs was counted for each po-
sition for the given region. Binding site densities were cal-
culated for each position separately as the number of mo-
tifs divided by the number of analyzed sequences. The vi-
sualization was done in R (version 3.5.1) with the ggplot2
(https://github.com/hadley/ggplot) (42) package for the fi-
nal graphical output.

iCLIP library preparation

HeLa cells stably expressing SR proteins tagged with GFP
at endogenous levels from bacterial artificial chromosomes
(BACs) were grown to 90% confluency and irradiated once
with 150 mJ/cm? UV light (254 nm). Protein G Dyn-
abeads coupled with goat anti-GFP antibodies (D. Drech-
sel, MPI-CBG, Dresden) were used for immunopurifica-
tion. Crosslinked, partially digested RNAs to lengths of 60—
150 nt were immunopurified using anti-GFP antibodies, re-
verse transcribed to generate cDNA libraries and subjected
to high-throughput sequencing on Illumina HiSeq2000
(single-end 75 nt reads) (43). To normalize for transcript lev-
els, total RNA was isolated from HeLa WT cells (two repli-
cates) and sequenced after rRNA depletion (RiboMinus)
on the same Illumina HiSeq2000 machine (single-end 75 nt
reads). The raw data were deposited in the GEO database
under accession numbers GSE113812-GSE113814.

Analysis of iCLIP and RNA-Seq data

Adapters and barcodes were removed from the iCLIP
reads before mapping to the human hgl9 genome assem-
bly (Ensembl59 annotation) using Bowtie (version 0.10.1).
Uniquely mapped reads were used to extract the crosslink
site (first nucleotide of the read) and the statistical sig-
nificance of binding events (FDR < 0.05) was calculated
and compared to randomized co-transcribed regions (44).
To obtain comparable numbers of significant binding sites
(CLIP tags) replicates that correlated best were pooled.
RNA-Seq reads from HeLa cells (two replicates) were
mapped to the hgl9 reference using TopHat v2.1.0, where
the maximum number of multi mappers (max-multihits)
was set to 1. Both mapped replicates were merged using
samtools merge option and RPKMs were calculated for
each transcript using CoverageBed (34). Transcripts with
RKPM values lower than 0.01 were considered as not ex-
pressed and were excluded from the analysis. PCGs were fil-
tered to match the expression range of lincRNAs. For this,
all lincRNAs were sorted according to their RKPM values
into 20 bins. Subsequently, PCGs were randomly selected
to match the number and expression levels of lincRNAs in
each bin and were further used for analyses as expression-
matched PCGs. For each expressed transcript, a window
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of 200 bp around each 5'ss and 3’ss (—100 to +100) was
selected and intersected with the iCLIP data using inter-
sectBed (34). The total number of iCLIP-tags was counted
for each region. Mean SR protein binding was determined
as the sum of CLIP-tags divided by the number of 200 bp
regions used for the analysis. Metagene iCLIP profiles of
the 200 bp regions were generated using R/Bioconductor
packages (40). First, the input BED file (containing coor-
dinates of all expression-matched transcripts) and the in-
put GFF file (containing genomic reference regions from
GENCODE v19) were imported using rtracklayer (45). The
GFF file was further processed using GenomicFeatures
(45) to extract the intron features (using the GenomicFea-
tures::intronsByTranscript function). 200 bp around the be-
ginning and the end of introns were selected. iCLIP data
coverage was considered as one for each position. The
iCLIP counts were converted into a GRanges object us-
ing the GenomicRanges (46) and overlapped with the 200
bp regions (using GenomicRanges:: findOverlaps function).
Plots were generated using the matplot function in R.

To calculate the cumulative distribution of splicing ef-
ficiencies of PTBP1/U2AF2/hnRNP C bound lincRNAs
and the sequence compositions of PPTs bound and un-
bound by U2AF2, the 40 bp regions upstream of 3’ss were
intersected with iCLIP data of PTBP1, U2AF2 and hn-
RNP C (47,48, BioRxiv: https://doi.org/10.1101/179648)
using the intersectBed program. SIs were calculated as de-
scribed above using RNA-Seq data from Xue et al. (47)
and Zarnack et al. (48). Cumulative frequencies of SIs
for PTBP1/U2AF2/hnRNP C-bound and unbound tran-
scripts at 40bp upstream of 3’ss were plotted using the R
script.

Mapping of eCLIP sequence data

For mapping eCLIP sequencing data from HepG2
cell line (BioRxiv: https://doi.org/10.1101/179648) we
used GENCODE (GRCh38.p7) genome assembly and
the STAR alignment (version 2.4.2a) using the fol-
lowing parameters from ENCODE pipeline: STAR
—runThreadN 8 -runMode alignReads -—genomeDir
GRCh38 Gencode v25 —genomeload LoadAndKeep
—readFilesIn readl, read2, -readFilesCommand zcat
—outSAMunmapped Within —outFilterMultimapNmax 1
—outFilterMultimapScoreRange 1 —outSAMattributes
All  —outSAMtype BAM Unsorted -—outFilterType
BySJout —outFilterScoreMin 10 -alignEndsType End-
ToEnd -outFileNamePrefix outfile as described in
Haberman et al. (49), and Chakrabarti et al. (50).
All uniquely mapped reads were corrected for over-
amplification of PCR duplicates, by using a python
script ‘barcode collapse pe.py’ available on GitHub
(https://github.com/YeoLab/gscripts/releases/tag/1.0),

which is part of the ENCODE eCLIP pipeline (https:
/Iwww.encodeproject.org/pipelines/ENCPL357ADLY/). The
visualization part was done in R (version 3.4.1) together
with the ggplot2 (https://github.com/hadley/ggplot) (42)
and the smoother (https://github.com/config-il/smooth)
package for the final graphical output. Each density
graph shows a distribution of raw crosslinking positions
of cDNA-starts relative to splice site positions. Gaussian
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filtering with 10 nt window size was used for the final
smoothing of each density line. A set of expression-
matched PCGs was created the same way as in the case of
iCLIP analysis, but HepG2 RNA-Seq data from ENCODE
(HepG2 - ENCFF074BOV) were used.

CRISPR/Cas9-mediated intron knock-out

For designing short-guide RNAs (sgRNAs), online
CRISPR Design Tool (51) (http://crispr.mit.edu/) was
used. SgRNAs targeting the 5 and 3’ boundaries of
the ncRNA-a2 intron were cloned into pX330-U6-
Chimeric_BB-CBh-hSpCas9 (Addgene plasmid # 42230)
(52) using Bbsl restriction sites. Guide target sequences
for testing guide efficiencies were cloned into pARv-RFP
(Red Fluorescent Protein, a gift from Radislav Sedlacek,
Institute of Molecular Genetics, Czech Academy of
Sciences; Addgene plasmid # 60021) (53) using EcoRV
and Pvul restriction sites with the introduction of the
BamHI restriction site at 5'end of a guide target sequence
to allow restriction digest analysis of positive clones. The
homology-directed repair (HDR) template including 800bp
homology arms flanking the targeted ncRNA-a2 intron
was amplified from genomic DNA and cloned into the
pBluescript II vector. Before transfections, HDR template
was amplified by PCR with specific primers. All sequences
were confirmed by DNA sequencing. The sequences of all
sgRNAs and guide target sequences used in this study are
listed in the Supplementary Data.

Cells were grown to 90% confluency, and an equimo-
lar mixture of plasmids (8 wg of pX330_Cas9_Guide,
PARV_GuideTargetSequence, HDR template) was tran-
siently transfected into HeLa cells in Opti-MEM™ [ Re-
duced Serum Medium (Thermo Fisher) using the Lipofec-
tamine LTX Transfection Reagent (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions and in-
cubated for 72 h. The culture medium was changed 6 h
after transfection and then every 24 h. The inhibitor of
non-homologous end-joining (NHEJ) (SCR7, final concen-
tration 1 wM, Xcess Biosciences) was added 16 h prior
to transfection. 72 h after transfection, cells were FACS
sorted for RFP positivity in single-cell mode. Single cells
were grown for 2 weeks until full confluency in a 1:1
fresh/conditioned medium. Positive clones were selected
by PCR using primers spanning the deleted sequence (se-
quences are provided in Supplementary Data). Wild-type
and deletion bands were cloned into pGEM-T vectors and
confirmed by DNA sequencing.

Isolation of biotin-labeled nascent transcripts

Cells were grown to 80-90% confluency and provided
with fresh media containing 500 wM 4-Thiouridine (4-sU;
Sigma). Cells were pulsed-labelled for 60 min, and RNA
was extracted by TRIzol (Thermo Fisher Scientific) as de-
scribed before. To biotinylate 4-sU-labeled RNAs, 120

total RNA was mixed with 240 pl of 4 mM EZ-Link

HPDP-Biotin (Thermo Fisher Scientific), 120 wl biotiny-
lation buffer (10 mM HEPES pH 7.5, 1 mM EDTA) and
840 pl Nuclease-Free Water (Ambion). The samples were
incubated in the dark for 90 min at room temperature.
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Total RNA including 4sU-Biotin-labeled RNA was ex-
tracted by adding 250 pl phenol:chloroform and precipi-
tated overnight with 2.5 vol. 100% ethanol, washed with
70% ethanol and resuspended in 100 pl Nuclease-Free Wa-
ter (Ambion). 4sU-Biotin-labeled RNA was captured on
100 wl BcMag™ Streptavidin Magnetic Beads (Bioclone
Inc), washed twice with washing buffer (0.5 M NaCl, 20
mM Tris—=HCI pH 7.5, 1 mM EDTA), eluted with washing
buffer containing 0.1 mM DTT (Invitrogen) and precipi-
tated with 2.5 vol. of 100% ethanol. Total RNA that did not
bind to magnetic beads served as input. Reverse transcrip-
tion and quantitative PCR was done as described before.

RESULTS

Intronic sequences determine inefficient splicing of ncRNA-
a2

To study the splicing efficiency of lincRNAs, we selected
two activating IncRNAs, ncRNA-a2 (PCAT6) and ncRNA-
a5 (LINCO00570), which stimulate the expression of PCGs
located in their genomic vicinity (54). It should be noted
that three different transcripts of the ncRNA-a2 (PCATO6)
gene and four different transcripts of the ncRNA-a5
(LINCO00570) gene are annotated in the Ensembl database
(http://www.ensembl.org). However, in HeLa cells, we de-
tected only two variants produced by alternative usage of
3’ss separated by 114 nucleotides producing two ncRNA-a2
transcripts (PCAT6-201, PCAT6-202) (Supplementary Fig-
ure S2A). Only one ncRNA-a5 transcript (LINC00570-201)
is supported by multiple ESTs in the Ensembl database and
annotated in the NCBI Reference Sequence database (www.
ncbi.nlm.nih.gov/refseq/). Therefore we focused our anal-
ysis on two ncRNA-a2 transcripts (PCAT6-201, PCAT6-
202) and the second intron of the LINCO00570 transcript
(LINC00570-201). To determine their splicing status in dif-
ferent cellular compartments, we fractionated HeLa cells
into chromatin, nucleoplasmic and cytoplasmic fractions
(Supplementary Figure S1). Using reverse transcription
coupled with quantitative PCR (RT-qPCR), we found that
nuclear fractions contained predominantly unspliced forms
of both IncRNAs (Figure 1A). Strikingly, ~80% of cyto-
plasmic ncRNA-a2 retained the intron, compared to only
~10% for ncRNA-a5 transcripts, revealing large differences
in splicing efficiencies between IncRNAs. In contrast, un-
spliced pre-mRNAs of two PCGs, GAPDH and LDHA,
were only detected in the chromatin fraction (Figure 1A).
A more detailed analysis of ncRNA-a2 transcripts revealed
that the upstream 3’ss was preferentially used, but, in gen-
eral, splicing at both 3'ss was inefficient (Figure 1B). In ad-
dition, ncRNA-a2 seems to reside primarily in the nucleus
since ~76-96% of its transcripts are localized in the nucle-
oplasm and chromatin fractions (Figure 1C).

We selected ncRNA-a2 for further analyses as an exam-
ple of an inefficiently spliced lincRNA. It has been previ-
ously shown that chromatin modifications and promoter se-
quences can significantly influence the splicing outcome of
a PCG (55-60). In order to determine whether promoter
or chromatin elements influence ncRNA-a2 splicing, we
cloned the whole transcribed ncRNA-a2 sequence into a
plasmid containing the CMV promoter, expressed ncRNA-
a2 transiently in HeLa cells, and analyzed its splicing using

semi-quantitative RT-PCR (Figure 1B and Supplementary
Figure S2A). We did not observe any significant differences
in the splicing patterns between endogenous and transiently
expressed ncRNA-a2. This suggests that the ncRNA-a2 se-
quence is the dominant factor affecting the efficiency of
ncRNA-a2 splicing.

To determine the contribution of exonic or intronic se-
quences to the observed splicing inefficiency, we swapped
introns of ncRNA-a2 and a PCG, human hemoglobin beta
subunit (HBB) and transiently expressed chimeric tran-
scripts (Figure 1D). We chose HBB intron 2 because our
previous experiment showed its efficient splicing (unpub-
lished data). We observed efficient splicing of the HBB in-
tron when inserted between ncRNA-a2 exons (Figure 1D),
and <1% of ncRNA-a2 transcripts with the HBB intron re-
mained unspliced (Supplementary Figure S2B). In contrast,
the ncRNA-a2 intron remained largely unspliced when
placed between HBB exons (Figure 1D and Supplemen-
tary Figure S2B). Since 5’ss sequences extend into the up-
stream exon, substituting just the intron changes the 5'ss
strength of both hybrids. Therefore, we kept the original 5'ss
of ncRNA-2 and HBB (8 bp downstream of the exon-intron
boundary) and replaced only intronic sequences down-
stream (constructs ‘ncRNA-a2 with HBB intron ncRNA-
a2 5'ss’ and ‘HBB with ncRNA-a2 intron HBB 5'ss’; Fig-
ure 1D). In both cases, keeping the original 5'ss sequence
increased splicing efficiency of both constructs (1.2x for
‘ncRNA-a2 with HBB intron ncRNA-a2 5'ss’ and 2.1 x for
‘HBB with ncRNA-a2 intron HBB 5’ss’). In the case of the
ncRNA-a2 construct, the result is surprising because the
original ncRNA-a2 5'ss has a much weaker MaxEnt score
(MES) (5.28) than the artificial HBB/ncRNA-a2 5'ss (MES
10.90). This suggests that the 5'ss identity does not have a
dominant impact on splicing of hybrid RNAs. While some
contribution of exonic sequences cannot be ruled out, these
results suggest that the ncRNA-a2 intron is largely respon-
sible for the inefficient splicing of the ncRNA-a2 transcript.

To search for possible splicing regulatory elements, we
prepared several deletion mutants of the 204 bp-long
ncRNA-a2 intron. We gradually deleted nucleotides either
from the 5" end (F) or the 3’ end (R) of the intron starting
6 nt downstream of the 5'ss and leaving 39 nt upstream of
the 3'ss intact (Figure 2A). The deletion of nucleotides 6—
25 (mutant FA1) partially increased the splicing efficiency,
but the majority of deletions reduced splicing efficiencies.
We observed a particularly large drop in splicing efficiency
when the central intronic region spanning nucleotides 66—
125 was deleted (FAS5 2.5x, FA6 15.5x, RAS5 2.5x, RA6
4.9x reduction in splicing efficiency compared to WT). This
could be explained either by the fact that the truncated in-
tron is too short to be efficiently recognized by the splic-
ing machinery or that the central intronic sequence con-
tains elements that enhance splicing. To distinguish this, we
prepared additional deletion mutants (A1-7) and gradually
removed a 20 nt sequence window along the intron length
(Figure 2B). We observed a partial enhancement of splicing
efficiency in mutants Al and A4 (nucleotides 6-25 and 66—
85) suggesting that these sequences could act as weak splic-
ing silencers. Indeed, predicted binding sites for SR proteins
were found in the region 20 nt (nucleotides 6-25) down-
stream of the 5'ss; a putative binding site for SRSF1 (CT-
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Figure 1. NcRNA-a2 and ncRNA-a5 are less efficiently spliced than PCGs. (A)

Splicing efficiencies of lincRNAs (ncRNA-a2 and ncRNA-a5) and PCGs

(GAPDH, LDHA) in different cellular fractions. (B) Splicing of endogenous and transiently expressed ncRNA-a2 measured by semi-quantitative RT-
PCR. Primers are depicted as arrows above the transcript. (C) The cellular distribution of ncRNA-a2 transcripts. (D) The ncRNA-a2 intron is inefficiently

spliced out when inserted into human hemoglobin subunit beta (HBB) pre-mR
The mean of at least three independent experiments is shown. Error bars indic
the two-tailed Student’s 7-test, *P < 0.05, **P < 0.01, ***P < 0.001.

GCCGQG), for SRSF2 (CGCTGCCG) and three binding se-
quences for SRSF6 (CGCGTT, TGCGAA and CGCTGC),
which might all act as splicing silencers (61-67).

The splicing efficiency significantly decreased in mutants
A5 (5x) and A6 (11x for spliced variant 1 and 5x for
spliced variant 2 compared to WT) indicating that this in-
tronic sequence harbors splicing enhancer(s). This sequence
contains several G-rich sequences (G-runs) (Figure 2B),
which were previously characterized as splicing enhancers

NA. (A-D) Bar plots show relative RNA levels determined by RT-qPCR.
ate SEM; asterisks indicate the statistical significance levels calculated by

that recruit Ul snRNP and hnRNP F/H proteins when
located downstream of 5'ss (68-73). To test whether hn-
RNP H protein enhances ncRNA-a2 splicing, we knocked it
down by RNA interference (RNAI) and observed increased
levels of unspliced ncRNAa-2 variants (Supplementary Fig-
ure S3). Altogether, this suggests that the ncRNA-a2 con-
tains splicing enhancer(s) in the middle of the intron that is
regulated by hnRNP H.
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5’ ss sequence is important for lincRNA splicing

Next, we tested whether removal of G-runs in the middle of
the intron can be rescued by insertion of intronic splicing
enhancers that support recognition of 5'ss. We introduced
one, two and three copies of a known intronic splicing en-
hancer (ISE) motif containing G-runs (30) downstream of
the ncRNA-a2 5'ss (Figure 2C). As a control, we introduced
a mutated ISE element (ISEctrl). The splicing efficiency sig-
nificantly increased (1.5-2.5x) in all cases except in the con-
trol. Insertion of the ISE element into the ncRNA-a2 lack-
ing the middle G-rich sequence (3XxISE-A60) rescued splic-
ing to WT level, which is consistent with a model wherein
the middle intron G-run sequences promote recognition of
the 5'ss.

These results indicate that enhancer sequences that pro-
mote 5'ss recognition enhance ncRNA-a2 splicing. To test
the role of the 5'ss in ncRNA-a2 splicing more rigorously,
we prepared several mutants with increased strengths of
the 5’ss. We utilized the WT ncRNA-a2 and the A1l mu-
tant lacking the putative inhibitory sequences. Mutations
increased the 5'ss MES to 7.53 (WT) and 7.66 (Al mu-
tant), which is approximately one point below the average
S'ss strength of lincRNAs (8.56), 9.60 (WT) and 9.35 (A1
mutant), which is similar to the threshold of top 25% 5’ss
(9.79 for lincRNAs and 9.80 for PCGs) and to 11.08, which
falls into the top 10% of the strongest 5'ss (Figure 2D, for
MES distribution see Supplementary Figure SSA). While
the average 5'ss strength did not improve splicing efficiency,
substitutions leading to strong 5'ss significantly enhanced
ncRNA-a2 splicing efficiency (>3.5x), primarily the spliced
variant 1. The effect was stronger for WT ncRNA-a2 com-
pared to the A1l mutant.

To investigate whether 5'ss strength is a general deter-
minant of IncRNA splicing, we analyzed available RNA-
Seq data from five different human cell lines (embryonic
stem cells HI-hESC, lung carcinoma A549, cervix carci-
noma HelLa, liver carcinoma HepG?2 and breast cancer cell
line MCF7). To avoid a potential overlap with PCGs, we
focused on lincRNAs only. We first selected all PCGs and
lincRNAs expressed in a particular cell line (RPKM>0.01)
and filtered out the top 10% of highly expressed PCGs as
an upper expression threshold to avoid bias from highly ex-
pressed genes. All lincRNAs with RPKM values above this
threshold were also removed from further analyses to keep
lincRNAs and PCGs within the same expression range for
each cell line. Splicing indices (SI) were then determined
for each individual intron in each cell line separately (Sup-
plementary Figure S4). In total, we analyzed between 1054
and 1770 lincRNA and >77 000 PCGs introns. Although
the lincRNA expression is highly cell-specific, we found that
lincRNAs were, in general, less efficiently spliced (lower SI)
compared to PCGs in all tested cell lines (Supplementary
Figure S4).

To evaluate 5'ss strength in differently spliced genes, we
categorized lincRNA and PCG introns into four groups
based on their splicing efficiencies (increasing SI), and we
calculated the mean 5'ss MES for each group (Figure 3A
and Supplementary Figure S5). We found a positive cor-
relation between 5'ss strength and splicing efficiency of
lincRNAs in four tested cell lines (Pearson’s correlation co-
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efficients 0.67-0.94) while no such correlation was found for
PCGs (Pearson’s correlation coefficients —0.75-0.57) (Sup-
plementary Figure S5). These results suggest that lincRNA
splicing is more dependent on 5'ss strength than splicing of
PCGs.

Polypyrimidine tract sequence determines the splicing effi-
ciency of lincRNAs

In addition to 5'ss, we also compared sequences at the 3’
end of introns. A detailed analysis of PPT sequences (nu-
cleotides —40 to —1) revealed slightly better conservation
of cytidines/thymidines (C/T) nucleotides at position —3
of the YAG sequence in PCGs in all five tested cell lines
(Supplementary Figure S6). Interestingly, we found that the
stretch of Ts within the PPT of lincRNAs is longer than
in PCGs (Supplementary Figure S6). In line with this find-
ing, a higher number of Ts in lincRNA genes versus PCGs
was observed in a recent study analyzing lincRNA splice-
site strengths (28).

To better understand the role of PPT length and T con-
tent, we used the categorized lincRNA and PCG introns
based on their splicing efficiencies (see above) and calcu-
lated the ratios of Ts over guanidines (T/G) or cytidines
(T/C) in the PPT region for the five human cell lines (Figure
3B and Supplementary Figures S7 and S8). The correlation
between T content and splicing efficiency was high in both
lincRNAs and PCGs (Pearson’s correlation coefficients be-
tween 0.66 and 0.99; Supplementary Figure S7). However,
in all cases, the well-spliced lincRNAs (third and fourth
quartiles) contained a higher number of Ts than PCGs (Fig-
ure 3B and Supplementary Figure S7). While the average SI
of best-spliced lincRNAs reached only 60-76% of PCG SI
(dependent on the cell line, Supplementary Figure S5B), the
T/C and T/G ratios in this group of lincRNAs were higher
by 2-13% and 2-16% respectively (Figure 3B and Supple-
mentary Figure S7) suggesting that the T content in the PPT
can play an important role in lincRNA splicing.

However, comparison of introns that exhibit fast and
slow splicing kinetics did not reveal any significant differ-
ence in PPT scores (10). Therefore, we decided to experi-
mentally test whether the higher T content in the PPT pro-
motes splicing of lincRNA introns. We utilized the model
ncRNA-a2 and increased the number of Ts in its PPT. We
either replaced all cytidines (CtoT), all purines (GAtoT),
or all nucleotides (T21) with Ts, or deleted a stretch of four
Ts upstream of the CAG 3'ss (APPT; Figure 4A). All PPT
modifications that increased the T content had a positive ef-
fect on the splicing efficiency (4.6-5.3x increase compared
to WT), the deletion of Ts inhibited splicing of splicing vari-
ant 1 (8.3x reduction with respect to WT) but not splicing
variant 2 (1.7x increase with respect to WT). The strong
PPT was able to compensate for splicing reduction induced
by deletion of the G-run enhancer since the A60-T21 con-
struct was spliced 6.4 x better than WT ncRNA-a2. Finally,
we combined enhancement of 5'ss with the T21 mutation
(Figure 4B) and found that the improvement of 5'ss fur-
ther stimulated splicing of ncRNA-a2 spliced variant 1, but
reduced recognition of the downstream 3’ss and the pro-
duction of spliced variant 2. The only exception was the
strongest 5’ss with MES 11.08, which did not enhance splic-
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ing when compared with WT PPT containing ncRNA-a2.
These results confirm that the 5'ss and the T content in
the PPT have a strong and cumulative effect on ncRNA-a2
splicing.

To further test the importance of the PPT for lincRNA
splicing, we selected five lincRNAs with low SIs and mu-
tated their PPTs. First, we compared splicing efficiencies
of endogenous lincRNAs with lincRNAs transiently ex-
pressed from CM V-driven plasmid vectors and showed that
splicing efficiency is not affected by ectopic expression (Sup-
plementary Figure S9). Then, we converted all nucleotides
between the putative BP and the YAG motif into Ts, which
significantly enhanced the splicing efficiencies of four out of
five tested lincRNAs (Figure 4C). Finally, to test whether a
PPT sequence from a PCG that is optimized for splicing
can enhance splicing of lincRNA, we replaced the ncRNA-
a2 PPT with the PPT sequence from HBB that had higher
T/G and T/C ratios than the ncRNA-a2 PPT (Figure 4D).
The insertion of the HBB PPT into ncRNA-a2 significantly
increased its splicing efficiency, confirming that the ncRNA-
a2 PPT is weaker than the HBB PPT. Replacing natural 5'ss
ncRNA-a2 sequence with stronger 5'ss from HBB (3 nt up-
stream and 6 nt downstream of 5'ss) showed partial, but
not statistically significant enhancement of spliced variant
1 splicing, which suggests that the PPT sequence is more
important than the 5'ss for ncRNA-a2 splicing.

Next, we analyzed how splicing factors, which prefer-
entially bind U-rich sequences in the PPT, interact with
lincRNAs and how their binding affect lincRNA splicing.
We focused on U2AF2 (U2AF65), hnRNP C and PTBPI1,
which were all shown to bind to the U-rich sequences in the
PPT (44,48,74,75). We utilized publicly available eCLIP (en-
hanced crosslinking and immunoprecipitation) data from
HepG?2 cells (BioRxiv: https://doi.org/10.1101/179648) and
iCLIP (individual nucleotide-resolution crosslinking and

immunoprecipitation) data from Hela cells (47,48) and
compared splicing efficiencies of lincRNAs associated/not
associated with these proteins. HnRNP C iCLIP data re-
vealed a very low association of hnRNP C with lincRNAs
(data not shown), and we included only the hnRNP C
eCLIP data analysis. In the U2AF2 data set, lincRNAs
bound by U2AF2 tend to have a higher T content in their
PPT, longer PPTs and significantly higher splicing efficien-
cies than lincRNAs that are not bound by U2AF2 (Supple-
mentary Figure SI0A-C), in agreement with a recently pub-
lished analysis (28). In contrast, PTBP1-bound and hnRNP
C-bound lincRNAs were spliced as efficiently as unbound
lincRNAs (Supplementary Figure S10D and E). These data
suggest that U2AF2 binding improves lincRNA splicing ef-
ficiency, while PTBP1 and hnRNP C binding do not. To
test this prediction experimentally, we transiently expressed
ncRNA-a2 WT and its T21 mutant and analyzed their inter-
actions with U2AF2 by RNA immunoprecipitations (RIP)
followed by RT-qPCR. We observed that the T21 mutant
more efficiently co-precipitated with the U2AF2 protein
than the WT transcript (Figure 4E). Altogether these results
are consistent with the model that inefficient U2AF2 bind-
ing is one of the key factors that reduces splicing efficiencies
of lincRNAs.

SR proteins bind less efficiently to lincRNAs

Our data suggest that a strong 5’ss and T-rich PPT together
with productive U2AF2 binding are required for efficient
lincRNA splicing. To assess whether additional factors may
affect lincRNA splicing, we analyzed cumulative lengths of
exons and introns and found that lincRNAs contain slightly
longer introns and exons than PCGs (Supplementary Fig-
ure S11A). Because the length of introns has been associated
with splicing efficiency (76-81), longer introns can partially
explain lower splicing efficiency of lincRNAs. We also cal-
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culated a putative base-pairing and minimum free energy
of 5000 randomly selected introns and did not find any rel-
evant differences between lincRNAs and PCGs, which sug-
gest that RNA secondary structure is not the major factor
that would determine the splicing difference between PCGs
and lincRNAs (Supplementary Figure S11B and C). Fi-
nally, we analyzed the presence of known splicing inhibitory
sequences 100 bp upstream and downstream of 3'ss. We
found only one (out of 12) inhibitory motif (GTAGGT)
enriched in lincRNAs over PCGs (Supplementary Figures
S12 and S13). Together these results indicate that except for
longer introns, lincRNAs do not contain any particular fea-
ture that would specifically inhibit their splicing.

High dependence on strong splice sites could signal that
lincRNAs lack additional splicing enhancer sequences that
navigate the basic splicing machinery to splice sites. How-
ever, previous bioinformatic analyses showed that the global
density of exonic splicing enhancers (ESEs) is even slightly
higher in lincRNAs than in PCGs (28). In addition, ESEs
are conserved in lincRNAs, and no difference in the num-
ber of ESEs has been observed between efficiently and in-
efficiently spliced lincRNAs (13,28,82). To perform a more
focused analysis, we searched for the occurrence of ESE mo-
tifs that are known to be recognized by SR proteins, general
splicing enhancers (83-85). We determined the occurrence
of 29 ESE consensus motifs in exons and observed a striking
difference in motif densities between lincRNAs and PCGs
(Figure 5A and Supplementary Figures S14 and S15). Only
one motif (SRSF3 - WCWWC) was significantly enriched
in lincRNA exons while the majority of analyzed SR bind-
ing motifs were more prevalent in PCGs (Figure 5A).

To test whether a smaller number of SR binding motifs
in lincRNAs results in a lower interaction with SR pro-
teins, we analyzed available eCLIP data performed with
SRSF1, 7 and 9 in HepG2 cells (BioRxiv: https://doi.org/
10.1101/179648). All three SR proteins bound efficiently
within PCG exons, while their association with lincRNAs
was much weaker and we did not detect any significant en-
richment over exons (Figure 5B). SR protein binding to
lincRNAs was lower compared to the total expressed PCGs
(18-26% of binding to PCGs; Figure 5D, left panel). To nor-
malize for the expression level of PCGs and lincRNAs, we
created a subset of PCGs that match number and expres-
sion level of lincRNAs and repeated the analysis. Similarly,
binding of SR proteins to lincRNAs was reduced to 20—
30% of expression-matched PCGs (Figure 5D, right panel).
To investigate the binding of additional SR proteins not
covered by eCLIP, we performed iCLIP in HeLa cell lines
stably expressing GFP-tagged SRSF2, SRSF5 or SRSF6
from bacterial artificial chromosomes at near endogenous
levels using anti-GFP antibodies as described before (43).
iCLIP libraries were prepared in triplicates, submitted to
deep sequencing, and significant cross-link events of indi-
vidual SR proteins were identified (43). Similarly to pre-
vious studies (86,87), SR proteins bound preferentially to
exonic regions of PCGs (Figure 5C). In agreement with
the eCLIP data, binding of all three analyzed SR proteins
to lincRNAs was much lower compared to all expressed
PCGs (13-30% of binding to PCGs; Figure 5D, left panel)
or expression-matched PCGs (56-68% of binding to PCGs;
Figure 5D, right panel). Altogether, this confirmed that SR

proteins interact poorly with lincRNAs, which is indepen-
dent of lincRNA expression level.

To test whether residual SR protein binding nevertheless
promotes splicing of lincRNAs, we compared splicing effi-
ciencies of bound and unbound lincRNAs (using PCGs as
control). Analysis of lincRNA interactions with the three
SR proteins identified by iCLIP revealed that binding of
SR proteins in lincRNA exons (100 nt downstream of 3'ss)
improves their splicing efficiencies (Supplementary Figure
S16A). However, no such correlation was found for SR pro-
tein interactions with lincRNAs identified by eCLIP (Sup-
plementary Figure S16C), which might be due to the higher
noise in eCLIP data compared to iCLIP data (49). In con-
trast, the stimulatory effect of SR protein binding to ex-
ons of PCGs appears stronger in eCLIP than iCLIP data
(Supplementary Figure S16B,D). The binding of analyzed
SR proteins in intronic regions of PCGs (100 nt upstream
of 3’ss) (Supplementary Figure S16B) correlates with lower
splicing efficiency, which is consistent with the proposed
position-dependent splicing activity of SR proteins (61—
67,88).

The role of an intron in the function of ncRNA-a2

NcRNA-a2 and ncRNA-a5 have been suggested to act as
transcription enhancers because their depletion by RNAi
decreased the expression of some adjacent PCGs (Figure
6A) (54). NcRNA-a2 seems to act in cis because overex-
pression of ncRNA-a2 from a CMV-driven plasmid did
not increase the expression of the target PCG KLHLI?2
(Figure 6B). Given the ongoing debate about the impor-
tance of splicing-associated processes for the function of
enhancer-like IncRNAs (89,90, BioRxiv: https://doi.org/10.
1101/287706), we tested whether the intron of ncRNA-
a2 contributes to its enhancer function. We removed the
ncRNA-a2 intron from the endogenous ncRNA-a2 gene
locus using CRISPR/Cas9 and isolated three different
intron-deleted cell lines (Supplementary Figure S17). To
test the importance of ncRNA-a2 splicing on newly tran-
scribed mRNAs, we either isolated RNAs associated with
the chromatin fraction or metabolically labelled and iso-
lated nascent RNAs using 4sU-biotin labeling. Expression
of neighboring PCGs in three ncRNA-a2 Aintron clonal
cell lines was analyzed by RT-qPCR (Figure 6C and D).
However, we did not detect any significant difference in
transcription of neighboring genes after the deletion of the
ncRNA-a2 intron. These results suggest that the intron it-
self and/or its splicing do not play a significant role in the
activating function of ncRNA-a2.

DISCUSSION

LincRNAs have been extensively studied in recent years,
and previous studies have shown that IncRNAs are less
efficiently spliced and polyadenylated in comparison to
PCGs (10,15,27-29,91), but the reason for this remained
unknown. Here, we calculated SIs for lincRNAs and PCGs
expressed in several human cell lines using available EN-
CODE RNA-Seq data (36) as a proxy for splicing efficien-
cies of expressed lincRNAs. Our findings show less efficient
splicing of lincRNAs in comparison to PCGs in all studied
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cell lines (Supplementary Figure S4). The bioinformatic re-
sults are supported by splicing efficiency analyses of several
lincRNAs by quantitative and semi-quantitative RT-PCRs
(Figure 1A, Supplementary Figures S2 and S9).

To determine factors affecting lincRNA splicing, we tran-
siently expressed several lincRNAs from a CM V-driven pro-
moter and did not detect any significant changes in their
splicing (Figures 1 and Supplementary Figure S9). This re-
sult indicates that the promoter and the genomic context
do not significantly influence lincRNA splicing profile and
that inefficient splicing is an intrinsic property of lincRNA
transcripts. To identify potential sequences inhibiting splic-
ing, we created a series of deletion mutants that lack dif-
ferent parts of the ncRNA-a2 intron. We did not find any
strong splicing silencers, which is consistent with a bioin-
formatic analysis that did not reveal any specific accumula-
tion of splicing inhibitory sequences in lincRNAs with re-
spect to PCGs (Figures 2, Supplementary Figures S12 and
S13). However, we found that lincRNAs have longer introns
and exons than PCGs (Supplementary Figure S11A), which
might partially explain their less efficient splicing (76-81).
Finally, we analyzed sequences of 5" and 3’ splice sites and
found a positive correlation between the strength of 5'ss and
PPT and lincRNA splicing efficiencies (Supplementary Fig-
ures S5 and S7). This finding was further supported by ex-
perimental evidence showing that increasing the strength of
5" and 3’ splice sites significantly improved splicing of model
lincRNAs (Figures 2 and 4).

The 5'ss and PPT sequences are crucial factors for the
splicing efficiency in general, but our data suggest that lin-
cRNA requires stronger 5'ss and PPT containing a high
number of Ts to be effectively spliced (Figures 3, Supple-
mentary Figures S5-S8). To understand why lincRNAs are
more dependent on basic splice site sequences, we analyzed
the presence of known SR protein exonic binding motifs be-
cause binding of SR proteins to exons promotes splicing (re-
viewed in 92,93). We found that the majority of analyzed
SR-binding sequences are more abundant in PCG exons
while only one motif out of 29 analyzed motifs is enriched
in lincRNAs (Figure 5A, Supplementary Figures S14 and
S15). Consistently, we show that all analyzed SR proteins
exhibit a clear binding preference for PCGs even when we
compared lincRNAs with expression-matched PCGs (Fig-
ure 5D). This result provides experimental evidence that
lincRNAs are unable to secure productive binding of SR
proteins. Based on our data we propose a model that lincR-
NAs lack the cooperative network of positive signals that
efficiently navigates the splicing machinery to splice sites.
For most lincRNAs, Ul and U2 snRNPs and their auxiliary
factors thus have to find splice sites without the help of splic-
ing enhancers, rendering the sequences around exon/intron
boundaries more important.

However, it should be noted that the insertion of the
ncRNA-a2 intron between PCG exons did not improve
splicing efficiency (Figure 1D). This suggests that com-
plete sequence and context is important for correct splic-
ing, which was recently shown for splicing of various 5'ss
sequences (94). This is also consistent with studies propos-
ing that the local environment and the continuous sequence
of exons and introns information are critical for correct
intron definition and removal (15). During evolution, se-
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quences of PCGs were fine-tuned to ensure a robust recog-
nition of intron/exon boundaries and efficient splicing. In
contrast to PCGs, where splicing is an essential component
of gene expression, this study and the results of Engreitz et
al. (90) indicate that introns are not essential for the activat-
ing function of lincRNAs. This may result in a lower evo-
lutionary pressure on some lincRNAs to promote efficient
splicing. However, it should be noted that the great majority
of purifying selection operating on lincRNAs in humans is
splicing-related, which suggests that intron presence or its
splicing might play some yet unrecognized function in at
least some lincRNAs (13).

Evolutionary new transcripts, such as lincRNAs may ac-
quire functional 5'ss and 3’ss over time and splicing may
change their functional output. Previous analyses revealed
a higher prevalence of cryptic 5'ss over 3’ss, likely reflect-
ing the less complex nature of the 5'ss sequence (95). In-
deed, 5'ss can be provided by endogenous retrotransposons
(96). Analysis of cryptic 3'ss revealed the importance of the
3’ss sequences and showed that intronic de novo 3'ss arose
mainly by AG-creating mutations in existing functional
PPTs. In contrast, exonic de novo 3'ss were often induced
by mutations improving the PPT, BP sequence or distant
auxiliary signals (97). We found the strongest correlation
between lincRNA splicing and PPT sequence, which sug-
gests that in the absence of functional splicing enhancers,
weak PPT sequence and inefficient U2AF binding represent
the major barriers that evolutionary new transcripts have to
overcome to become efficiently spliced.
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