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ABSTRACT

RNA binding proteins (RBPs) regulate the lives of
all RNAs from transcription, processing, and func-
tion to decay. How RNA—protein interactions change
over time and space to support these roles is poorly
understood. Towards this end, we sought to deter-
mine how two SR proteins—SRSF3 and SRSF7, reg-
ulators of pre-mRNA splicing, nuclear export and
translation—interact with RNA in different cellular
compartments. To do so, we developed Fractiona-
tion iCLIP (Fr-iCLIP), in which chromatin, nucleoplas-
mic and cytoplasmic fractions are prepared from UV-
crosslinked cells and then subjected to iCLIP. As
expected, SRSF3 and SRSF7 targets were detected
in all fractions, with intron, shoRNA and IncRNA in-
teractions enriched in the nucleus. Cytoplasmically-
bound mRNAs reflected distinct functional group-
ings, suggesting coordinated translation regulation.
Surprisingly, hundreds of cytoplasmic intron tar-
gets were detected. These cytoplasmic introns were
found to be highly conserved and introduced prema-
ture termination codons into coding regions. How-
ever, many intron-retained mRNAs were not sub-
strates for nonsense-mediated decay (NMD), even
though they were detected in polysomes. These find-
ings suggest that intron-retained mRNAs in the cy-
toplasm have previously uncharacterized functions
and/or escape surveillance. Hence, Fr-iCLIP detects
the cellular location of RNA-protein interactions
and provides insight into co-transcriptional, post-
transcriptional and cytoplasmic RBP functions for
coding and non-coding RNAs.

INTRODUCTION

RNAs are rarely, if ever, alone in the cell. Most RNA classes
are bound by RNA binding proteins (RBPs), thus form-
ing ribonucleoproteins (RNPs). This process begins during
transcription and is fundamental for the maturation and
stabilization of RNAs (1,2). More than 600 RBPs are an-
notated in the mammalian genome based on the presence
of characterized RNA binding domains, and recent experi-
ments suggest that ~1,000 proteins expressed by cells have
RNA binding activity (3,4). RBPs regulate and often cat-
alyze essential steps in the processing and function of cod-
ing and non-coding RNA including: 5" end capping, edit-
ing, pre-mRNA splicing, 3’ end cleavage and polyadeny-
lation, assembly of export-competent RNPs, RNA local-
ization, translation, stability and degradation. Accordingly,
RNPs contain different proteins, depending on the RNA
class and sequence as well as the stage of maturation. The
composition of RNPs thereby determines the fate and func-
tion of all RNAs (1).

RNP maturation is likely a dynamic process involving the
binding and release of multiple factors that occurs on chro-
matin, within the nucleoplasm, and in the cytoplasm. Many
RBPs bind pre-mRNAs during transcription by RNA Poly-
merase II (Pol II). This co-transcriptional binding is a fun-
damental feature in pre-mRNA maturation, which regu-
lates co-transcriptional processing steps like capping and
splicing (5,6). Co-transcriptional RNA binding produces
nascent RNPs, which lie adjacent to the DNA axis (7). His-
torically, RNPs containing pre-mRNAs were termed het-
erogeneous nuclear ribonucleoprotein particles (hnRNPs),
which may be expected to include both nascent RNPs and
those released from chromatin by polyadenylation cleavage.
Splicing continues in the nucleoplasm, where mR NP assem-
bly for export is finalized (8). In the cytoplasm, RBPs reg-
ulate mRNA localization, translation, stability, and degra-
dation.
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The serine-arginine rich splicing factors, SR proteins,
are a highly conserved family of RBPs that regulate Pol
II transcription, pre-mRNA splicing, polyadenylation, nu-
clear export, translation and stability (9,10). SR proteins
bind exonic and intronic splicing enhancers (ESEs and
ISEs) to promote the inclusion or exclusion of exons. Recent
genome-wide studies have shown that SR proteins preferen-
tially bind exonic sequences—possibly because of the higher
abundance of exonic sequences in total cellular RNA—but
also have a great number of binding sites in intronic regions
(11-15). Consistent with their role in co-transcriptional
splicing, SR proteins are present at sites of transcription and
can be detected on chromatin by ChIP (13,16-17). Some
SR proteins can recruit the nuclear export factor 1 (NXF1)
to bind RNAs, leading to the export of mRNA to the cy-
toplasm (18-20). Consistent with this activity, SR proteins
shuttle to the cytoplasm, where they can regulate transla-
tion and/or stability (10-11,15-16,21-23). Finally, SR pro-
tein interactions with many different ncRNAs, including
snoRNAs, 7SK, pri-miRNAs and MALATI, participate in
gene regulatory programs through strictly nuclear activi-
ties (12-13,15,24). Thus, SR proteins can perform multiple
functions on multiple classes of RNA in both the nucleus
and the cytoplasm.

How RBPs, including SR proteins, interact with
(pre-)mRNA and/or ncRNA along the pathway of gene
expression is poorly understood. Most genome-wide
methods are not adapted to the detection of RBP functions
in terms of cellular compartments and RNP dynamics.
Specifically, ultraviolet (UV) CrossLinking ImmunoPre-
cipitation (CLIP) combined with deep sequencing is a
powerful method for capturing RNA-—protein interactions
in the whole cells and tissues (25,26). Variations on CLIP,
namely HITS-CLIP, PAR-CLIP and iCLIP, allow for
specific identification of targets and binding sites of RBPs.
Because UV crosslinking induces covalent bonds only
at short distances, CLIP has the potential to reveal the
dynamics of RNA-protein interaction in different cellular
compartments and/or biochemical preparations. For
example, two previous studies employed UV-crosslinking
to uncover RBP functions in cytoplasm (27,28). Yet, this
property has not been fully exploited to comprehensively
address RBP function throughout the cell.

Here, we developed a broadly applicable method, Frac-
tionation iCLIP (Fr-iCLIP), to determine RBP targets and
binding sites in chromatin, nucleoplasmic and cytoplasmic
subcellular fractions. Building on iCLIP, Fr-iCLIP does not
require the introduction of modified nucleotides or muta-
tions yet identifies RBP binding sites and their targets with
high precision and resolution (29,30). We applied Fr-iCLIP
to two SR proteins, SRSF3 and SRSF7, because they are ex-
pected to interact with RNA in all three fractions: SRSF3
and SRSF7 are both involved in co-transcriptional splicing
and maturation of export-competent mRNPs through re-
cruitment of NXF1 (18,19). Furthermore, both shuttle from
the nucleus to the cytoplasm (16,21,23). Indeed, we show
that SRSF3 and SRSF7 persist on mRNAs and RNA ele-
ments consistent with nuclear and cytoplasmic processing
events. We report the unexpected detection of a subset of
highly conserved, retained introns in the fraction cytoplas-
mic and explore their features.
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MATERIALS AND METHODS
Cell lines and growth conditions

Recombineering and BAC-transgenesis was used to gener-
ate stable P19 cell lines carrying stably integrated alleles en-
coding SRSF7-GFP and SRSF3-GFP, as described (11).
Cells were grown in Dulbecco’s Modified Eagle Medium,
(Life Technologies). The medium was supplemented with
10% heat-inactivated Fetal Bovine Serum (FBS, Life Tech-
nologies) and 100 units/ml (U/ml) Penicillin and 100 p.g/ml
Streptomycin (Pen-Strep, Life Technologies). Additionally,
for BAC-containing cell lines, 500 pg/ml of Geneticin (Life
Technologies) was added to the media.

Fractionation iCLIP (Fr-iCLIP)

Cells were grown to confluency (~20.0 x 10° cells) and they
were then UV crosslinked using a Spectrolinker X1.-1500
(Spectronics) with a wavelength of 254 nm and energy of 100
mJ/cm? for 14 s and with the cell plate at 8 cm from the UV
source. The cells were then subjected to cell fractionation
as follows. The cells were washed with ice cold 1 x PBS and
detached from the plate by scraping with a cell scraper. The
detached cells (in PBS) were transferred to a 15 ml falcon
tube and then centrifuged at 180 g for 5 min at 4°C. At this
point, the supernatant was removed and the pellet was gen-
tly resuspended in 2 ml Hypotonic Buffer (10 mM Tris—HCl
pH 7.5, 10 mM KCI, 1.5 mM MgCl,, 0.5 mM DTT; supple-
mented with 1x protease inhibitor cocktail (Roche)). The
samples were separated into two fresh 1.5 microfuge tubes
with 1 ml each that were processed in parallel. The samples
were incubated on ice for 15 min and centrifuged at 425 x
g for 10 min at 4°C. The supernatant was discarded. Cell
pellets were resuspended in 1 ml of Lysis Buffer 0.3 (50 mM
Tris—HCI pH 7.5, 150 mM NaCl, 2 mM MgCl,, 0.3% NP-
40 (v/v); supplemented with 1x protease inhibitor cocktail
(Roche)) and incubated on ice for 10 min before centrifu-
gation at 950 x g for 10 min at 4°C. The supernatant was
saved in a clean microfuge tube and was designated the cy-
toplasmic fraction. The pellet was resuspended with 1 ml
Lysis Buffer 0.5 (50 mM Tris—-HCI pH 7.5, 150 mM NacCl, 2
mM MgCl,, 0.5% NP-40 (v/v); supplemented with 1x pro-
tease inhibitor cocktail (Roche)) and incubated on ice for
10 min before being centrifuged at 950 g for 10 min at 4°C.
The supernatant was discarded, and the pellet containing
the nuclear sample was fractionated further to obtain nu-
cleoplasm and chromatin (similarly to what was described
in (31)). To do so, the nuclear pellet was resuspended in
100 pl of Buffer 1 (50% glycerol (v/v), 20 mM Tris—HCI
pH7.9, 75 mM NaCl, 0.5 mM EDTA, 0.85 mM DTT), fol-
lowed by 900 .l of Buffer 2A (20 mM HEPES pH 7.6, 300
mM NaCl, 0.2 mM EDTA, 1 mM DTT, 7.5 mM MgCl,,
1 M urea, 1% NP-40 (v/v), 400 U of RNAseOUT (Invitro-
gen)). The samples were vortexed for 10 sec and incubated
on ice for 10 min. Chromatin was sedimented at 15 000 x
g for 5 min at 4°C. The supernatant was transferred to a
clean 1.5 ml microfuge tube (nucleoplasmic fraction). Then
100 w1 of Buffer 1 was added to the samples with 900l
of Buffer 2B (20 mM HEPES pH 7.6, 300 mM NaCl, 0.2
mM EDTA, 1 mM DTT, 7.5 mM MgCl,, 1 M urea, 1.5%
NP-40 (v/v), 400 U of RNAseOUT (Invitrogen)). Samples
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were vortexed for 10 s and incubated on ice for 10 min. The
chromatin was sedimented at 15 000 x g for 5 min at 4°C.
The supernatant was discarded, and the pellets were washed
twice by adding 600 wl of Buffer 2A. Finally, the chromatin
was sedimented at 15 000 x g for 5 min at 4°C. This chro-
matin fraction was resuspended in 1 ml of Buffer 3 (50 mM
Tris—HCI pH 7.4, 100 mM NacCl, 0.1% SDS, 0.5% Sodium
deoxycholate, 400 U of RNAseOUT (Invitrogen)). To dis-
rupt DNA before immunopurification, the chromatin and
nucleoplasmic fractions were sonicated with a Branson dig-
ital sonifier (BRANSON) at 30% amplitude, for 30 s total
(10 s ON and 20 s OFF). All three fractions were separately
centrifuged at 20 000 x g for 5 min. The supernatants were
tested with fraction-specific markers by western blotting us-
ing 1/100th of each fraction. Fr-iCLIP samples were then
subjected to iCLIP protocol as described in (30). For IP pro-
tein G Dynabeads, coupled with goat « EGFP (D. Drechsel,
Max Planck Institute of Molecular Cell Biology and Genet-
ics (MPI-CBG), Dresden). High-throughput sequencing of
iCLIP libraries was performed on Illumina HiSeq2000 plat-
form, with single-end 75nt reads.

SDS-PAGE and western blot analysis

For SDS-PAGE, 1-20 g of total protein samples was de-
natured with Laemmli loading buffer (Bio-Rad). The sam-
ples were run on a pre-casted NuPAGE 4-12% Bis—Tris gel
(Invitrogen). After electrophoresis, the proteins were trans-
ferred to nitrocellulose (Whatman), which was incubated
overnight with the primary antibody at 4°C. The following
antibodies were used: mouse « EGFP (Millipore; 1:5000),
rabbit «GAPDH (Santa Cruz Biotechnology; 1:1000), rab-
bit «SRSF7 (Santa Cruz Biotechnology; 1:1000), mouse
oSRSF3 (7B4, REF), goat aNXF1 (Santa Cruz Biotech-
nology; 1:750), rabbit aHistone H3 (Abcam; 1:10 000),
rabbit aRNA Pol IT (Santa Cruz Biotechnology; 1:2000),
donkey a-rabbit-HRP (GE-Health care; 1:8000), donkey
a-goat-HRP (Sigma; 1:8000), goat a-mouse-HRP (Sigma;
1:10 000).

Bioinformatic analysis of Fr-iCLIP-Seq data

Fr-iCLIP-Seq data was uploaded to the bioinformatic tool
iICOUNT (http://icount.fri.uni-lj.si/) and analyzed using
default iCOUNT options and the mm9 reference genome.
After analysis of reproducibility, replicates were pooled to
allow the definition of the position and score of the sig-
nificant peaks. Allocation of the Fr-iCLIP-tags to different
RNA biotypes and regions within mRNA was performed
using ENSEMBLE gene annotations. To plot the SR pro-
tein binding distribution (crosslink sites) from the Fr-iCLIP
data along exon—intron junctions and surrounding polyA
cleavage sites, Fr-iCLIP crosslink sites were mapped within
4200 nt from the exon—-intron junction or —200/+600 nt for
polyA sites. Each crosslink site was assigned to the closest
junction with a score of one, and the resulting signal was
normalized to the local maximum within the plot to allow
comparison among different fractions and libraries. Junc-
tions for exons shorter than 60 nt and introns shorter than
200 nt were not considered in our analysis.

Intron analysis was performed by intersecting the peak
locations obtained from iICOUNT for the cytoplasmic frac-
tion with the genomic coordinates for introns. Reads con-
taining rRNA sequences that mapped to introns were ex-
cluded to avoid ambiguity. We tabulated the number of Fr-
iCLIP tags for each cytoplasmic intron bound by either
SRSF3 or SRSF7. Based on the resulting frequency dis-
tribution, 286 introns bound by either SR protein were se-
lected as top hits determined with the criteria of >19 for
SRSF3 and >24 for SRSF7. The overlap Venn diagram of
SRSF3-/SRSF7- binding introns was produced in R. To an-
alyze the conservation of the resulting introns, the Phast-
Cons track from UCSC genome browser (32) was used.
The average of conservation scores across the whole in-
tron represent the conservation score of the intron. The
same calculation was applied to all genomically encoded in-
trons (mm9 introns) and to previously reported 200nt-long
UCE:s (33,34) in our list with average conservation scores of
0.65. The 286 cytoplasmic introns were grouped into three
categories based on their conservation scores: low (0-0.2),
medium (0.2-0.6), and high (>0.6). For size characteriza-
tion, the coordinates of the resulting introns and their flank-
ing exons (left flanking exon and right flanking exon in the
direction of transcript) together with all genomic exons were
extracted based on Ensembl database annotation (http://
www.ensembl.org/index.html). To determine the presence
of PTCs in our identified 286 cytoplasmic introns, the pro-
tein sequences, exon sequences, intron sequences, mRNA
sequences of transcripts were extracted from the UCSC
genome browser to generate intron-retained transcript se-
quences, based on the numbering of the retained intron and
estimate the translation start site. If an in-frame stop codon
was in the retained intron, this intron-retained transcript
was annotated as PTC-containing. To identify potentially
new protein products, in silico translation of the obtained
intron-retained sequences was performed by our in-house
translation codes. Then the translation products of the
intron-retained transcripts were loaded into the SMART
database (http://smart.embl-heidelberg.de) for domain an-
notation analysis and compared to their original protein
products for the analysis of domain gain/loss. The cytoplas-
mic RNA-seq data from ENCODE used in Supplementary
Figure S7 is available at GEO under the accession number:
GSE30567.

RNA isolation and RT-PCR

RNA was isolated using Trizol (Life Technologies) accord-
ing to manufactures instructions. RNA was then resus-
pended in 80 wl of water and treated with 10 wl of 10x
TURBO DNase I buffer and 10 wl of TURBO DNase 1
at 37°C for 30 min. Isolated total RNA was converted to
cDNA with Superscript III Reverse Transcriptase (Invit-
rogen), following manufacturer instructions. Conventional
PCR was used for the analysis of cDNA. The reaction was
carried out in a total volume of 25 pl which contained 5
wl 5x Phusion™ HF Buffer (Biozyme), 1 pl 10 mM dNTP
mix (Invitrogen), 0.5 nl each of 10 puM forward and re-
verse primer, 1-2 pl of cDNA, 0.2 .1 of Phusion polymerase
(Biozyme) and ddH,O to fill up the reaction. The material
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was amplified in an Eppendorf PCR cycler following the
manufacturer instructions.

Polysome fractionation

Cells were treated with 100 mg/ml cycloheximide (CHX)
for 30 min, trypsinized and pelleted at 1000 x g for 5 min.
The cell pellet was washed with PBS, centrifuged at 1000 x
g for 5 min and resuspended in lysis buffer (50 mM Tris pH
7.5, 150 mM NaCl, 2 mM MgCl,, 0.3% NP-40 (v/v), 400
U of RNAseOUT (Invitrogen)) supplemented with 1x pro-
tease inhibitor cocktail (Roche) and incubated for 10 min
on ice. The cell lysate was centrifuged at 20 000 x g for 5
min at 4°C. The resulting supernatant was layered onto a
15-45% linear sucrose gradient, spun down at 40 000 rpm
for 2 h at 4°C in a Beckmann rotor (SW41T1i) and 44 frac-
tions were collected from the top of the gradient. The ab-
sorbance of each fraction was measured at 254 nm. Every 4
fractions were then pooled into 1 for downstream applica-
tions (11 pooled fractions in total). From each pooled frac-
tion, the protein content was analyzed by SDS-PAGE and
the RNA was extracted using Trizol (according to manufac-
turer’s instructions), followed by ethanol precipitation. In
the +EDTA experiment, CHX treatment was omitted and
cells were lysed in lysis buffer containing 50 mM EDTA.
The samples were then processed as described above.

NMD inhibition

CHX treatment was performed as described (12). For
UPF1 knockdown, cells were grown to 25% conflu-
ency and were transfected with 70 pmol of siRNA
(5-UCAAGGUUCCUGAUAAUUATT-3') using Lipo-
fectamine RNAIMAX (Thermo Fisher). 70 pmol of a
scrambled siRNA was used as control. Cells were incubated
for 48h and then RNA was extracted using standard Trizol
protocol. UPF1 knock down was evaluated by western blot.

RESULTS

Chromatin, nucleoplasmic and cytoplasmic fractions of UV-
crosslinked cells

To effectively study SRSF3 and SRSF7 in P19 cells, we
used transgenic cell lines in which each protein was tagged
at its C-terminus with GFP and expressed from an inte-
grated bacterial artificial chromosome, as previously de-
scribed (12,16,35). These tagged SR proteins are expressed
at physiological levels, complement the effects of knock-
down of endogenous SR proteins on gene expression, and
undergo nucleocytoplasmic shuttling (12,23,35). To develop
Fr-iCLIP, we established a subcellular fractionation proto-
col for P19 cells after UV-crosslinking. Cytoplasmic, nucle-
oplasmic and chromatin fractions were subsequently sub-
jected to iCLIP, which allowed the identification of RNA
targets and binding sites specific to each fraction (Figure
1A).

Subcellular fractionation requires optimization and
modification, depending on the cell lines or tissues used as
starting material. Nucleo-cytoplasmic fractionation of P19
cells was previously established (11) and served as a start-
ing point for the fractionation undertaken here after UV-
crosslinking. The nuclear fraction was further separated
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Figure 1. Fr-iCLIP combines RNA-protein crosslinking with subcellular
fractionation. (A) Schematic showing workflow of Fr-iCLIP, beginning
with UV crosslinking of whole cells and nuclear-cytoplasmic fractionation
followed by separation of nuclear fraction (blue) into chromatin (green)
and nucleoplasmic (pink) fractions. The cytoplasmic fraction is shown in
orange. RNA binding proteins of interest (RBP-GFP) were immunop-
urified from each of these three fractions independently and subjected
to standard iCLIP procedures. (B) Western blot characterization of UV
crosslinked subcellular fractions, showing enrichment of Pol II and histone
H3 in chromatin (Chr), NXF1 in the nucleoplasm (Npl), and GAPDH in
cytoplasm (Cyt). (C) Subcellular distribution of SRSF3-GFP and SRSF7-
GFP, using anti-GFP for western blot detection. In B and C, 1% of each
fraction was loaded.

into chromatin and nucleoplasm through a series of sedi-
mentation steps and washes (see Materials and Methods).
Figure 1B shows the enrichment of specific components in
each fraction. Histone H3 and Pol II were highly enriched
in the chromatin fraction and GAPDH was cytoplasmic, as
expected. Furthermore, we found that nuclear export factor
NXF1 was a reliable marker of the nucleoplasmic fraction.
Thus, we established markers for each fraction of interest
and showed that subcellular fractions can be obtained after
UV-crosslinking.



10456 Nucleic Acids Research, 2017, Vol. 45, No. 18

SR proteins are highly enriched in the nucleus (18,19),
although the proportions associated with chromatin, nucle-
oplasm and cytoplasm were previously unknown. To ad-
dress this, western blotting was performed with «-GFP, re-
active with the tag to be used for affinity purification (Fig-
ure 1C). Because other antibodies are sensitive to phospho-
rylation state, which varies among cellular compartments
(11,19), the tag provided objective detection of total SRSF3
and SRSF7 proteins in the cellular fractions. SRSF3 and
SRSF7 showed strong enrichment in the nuclear fraction,
as expected (19). Within the nucleus, SRSF3 and SRSF7
were strongly detected in the chromatin fraction from P19
cells, consistent with high co-transcriptional activity for
both SR proteins (13,16-17). Low but significant levels of
both SRSF3 and SRSF7 were detected in the cytoplasmic
fraction, in accordance with their ability to efficiently shut-
tle from the nucleus to the cytoplasm (16,21,23).

Fr-iCLIP identifies SRSF3 and SRSF7 targets in three cel-
lular compartments

iCLIP was performed on the three subcellular fractions
from SRSF3-GFP and SRSF7-GFP cell lines, obtaining
Fr-iCLIP libraries (Supplementary Figure S1) for RNA-
Seq on the [llumina platform (75bp, single end reads). The
mapped reads from three to four biological replicates were
well-correlated (Supplementary Tables S1 and S2), showing
reproducibility. The data was then analyzed using iCOUNT
(36), yielding datasets denoting significant binding sites
(FDR < 0.05) for SRSF3 and SRSF7.

The number and identity of SRSF3 and SRSF7 RNA tar-
gets in different subcellular fractions was determined (Fig-
ure 2A and B, top panels). Comparison of the set of unique
and common mRNA targets between the nucleus (nucle-
oplasm plus chromatin) and cytoplasm revealed the dy-
namic behavior of both RBPs. On the one hand, SRSF3
and SRSF7 had 4214 and 2338 mRNA targets uniquely
detected in the nucleus and 331 and 1190 targets uniquely
in the cytoplasm, respectively, consistent with distinct roles
in nuclear and cytoplasm RNA regulation. On the other
hand, 1520 and 1395 SRSF3 and SRSF7 mRNA targets
were shared between the nucleus and cytoplasm, in line
with the function of both SR proteins as major mRNA ex-
port adapters that may remain associated with their mRNA
cargoes (11). Consistent with this possibility, 5% and 15%
of SRSF3 and SRSF7 binding signals, respectively, were
present at the same mRNA sites from nucleus to cytoplasm,
suggesting a small proportion of persistent interactions.
SRSF3, globally the major mRNA export adapter (11), dis-
played strong overlap of mRNA targets between nucleo-
plasm and chromatin, with a large number of targets iden-
tified only in the chromatin fraction. One possibility is that
nucleoplasmic mRNAs are only transiently bound and/or
quickly exported to the cytoplasm, resulting in their rela-
tively inefficient crosslinking and detection. Overall, the dis-
tinct SRSF3 and SRSF7 binding profiles detected in the nu-
cleus and cytoplasm indicates that many interactions with
(pre-)mRNA are compartment-specific.

If Fr-iCLIP data accurately reflect compartmentalized
RNA-protein interactions, then the (pre-)mRNA binding
regions observed should reflect the expected processing sta-

tus of the RNA detected in that compartment. There are
specific expectations for the chromatin fraction, which con-
tains nascent RNA (37,38). First, we expect a bias towards
intron binding in the chromatin fraction, because most in-
trons are removed co-transcriptionally (6). Indeed, intron
reads were enriched in chromatin and reduced in nucleo-
plasm (Figure 2A and B, bottom panels), where intronic
reads likely reflect delayed splicing and/or RBP interac-
tions with lariat intermediates before degradation (8,39).
Second, only the chromatin fraction should contain tran-
scripts that map to gene regions downstream of polyA cleav-
age sites and before transcription termination. To determine
whether SRSF3 and SRSF7 Fr-iCLIP detected these reads
in a compartment-specific manner, the density of Fr-iCLIP
reads along the 3'UTR-intergenic boundary for all bound
3'UTRs was plotted (Supplementary Figure S2A). Reads
downstream of polyA cleavage sites were almost exclusively
detected in the chromatin fraction. Overall, these find-
ings confirm that Fr-iCLIP detects compartment-specific
(pre-)mRNAs and nascent RNA through the positive se-
lection afforded by RBP immunopurification.

Using standard iCLIP, previous studies have reported
SR protein binding to non-coding RNAs, such as snoR-
NAs (11,12). As expected, high levels of SRSF3-GFP and
SRSF7-GFP binding to non-coding RNA (ncRNA) was
detected (Figure 2, bottom panels). Analysis of binding sites
mapping to different ncRNA classes revealed differences
among the three compartments (Figure 3, left panels). Mi-
tochondrial mt-ncRNAs (mt-rRNA and mt-tRNA) repre-
sented the ncRNA targets with highest cytoplasmic bind-
ing for both SRSF3 and SRSF7 (>55%), whereas it encom-
passed <5% of the ncRNA reads in the chromatin frac-
tion. Conversely, the most highly represented ncRNA class
detected in the nucleus was snoRNAs (>55% of reads),
whereas binding in the cytoplasm was almost absent (Fig-
ure 3A and B, left panels). This compartmentalized inter-
action can be appreciated through examination of iCLIP
reads mapped to unprocessed protein-coding transcripts
that harbor snoRNAs within introns (Figure 3A and B,
right panels): both SRSF3 and SRSF7 display binding to
exons, snoRNAs, and some introns in the nuclear frac-
tions, whereas predominantly exons are bound in cyto-
plasm. Binding to introns and intron-encoded snoRNAs
likely occurs during splicing and/or downstream processing
of snoRNAs from the intron lariat (12,40). Finally, reads
mapping to long ncRNAs (lincRNA) displayed a bias to-
wards the nucleus, reflecting the commonly observed nu-
clear localization of this class (41). Taken together, the in-
teractions of SR proteins with different classes of ncRNA
supports unique roles in ncRNA metabolism, particularly
in the nucleus, and further validates the compartment speci-
ficity of the RNA-protein interactions detected by Fr-
iCLIP.

A stringent test of Fr-iCLIP is to determine whether the
sum of the reads from all three cellular compartments reca-
pitulates iCLIP from total cell lysates. To test this, the Fr-
iCLIP data from the three fractions were pooled for SRSF3
and SRSF7 and compared to our published total-iICLIP
data (11). Pooled Fr-iCLIP data overlapped almost com-
pletely with total cell iCLIP data for both proteins (Sup-
plementary Figure S2B). Furthermore, the level of bind-
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Figure 2. Fr-iCLIP reveals the RNA targets of SRSF3-GFP and SRSF7-GFP in chromatin, nucleoplasm and cytoplasm. (A) Upper panel, Venn diagram
representing the number and degree of overlap among Fr-iCLIP mRNA /pre-mRNA targets for SRSF3-GFP in nucleus and cytoplasm (Cyt) and between
nucleoplasm (Npl) and chromatin (Chr). Lower panel, distribution of SRSF3-GFP Fr-iCLIP peaks among mRNA regions and ncRNAs. Percent of total
identified Fr-iCLIP peaks normalized to feature length is shown for each cellular fraction, other features such as intergenic regions are not shown due to
their low level. (B) Fr-iCLIP data for SRSF7-GFP, following the scheme shown in A.

ing to overlapping targets was analyzed and the pooled
Fr-iCLIP data was highly correlated with the whole cell
iCLIP data (Supplementary Figure S2C). Thus, Fr-iCLIP
recapitulates total RBP-RNA interactions obtainable from
whole cell iCLIP methods and datasets. Importantly, Fr-
iCLIP adds fundamental knowledge regarding the localiza-
tion of RNA-protein interactions to distinct cellular com-
partments where different steps in RNA biogenesis and reg-
ulation occur.

SRSF3 and SRSF7 bind distinct functional mnRNA groups in
cytoplasm

One application of compartment-specific analysis of RNA-
protein interactions is to address the role of RBPs in nuclear
versus cytoplasmic events. To determine whether SRSF3
and SRSF7 regulate nuclear and cytoplasmic mRNAs with
different functions, GO-term enrichments for the identi-
fied transcripts were determined (Supplementary Tables
S3&S4). Transcripts enriched in splicing variants were en-
riched in all fractions. As previously described, SRSF3
and SRSF7 targets were enriched in RNA-binding or nu-
cleotide binding (11-13). Interestingly, GO-term enrich-
ments for SRSF3 and SRSF7 targets bound uniquely in
the cytoplasm include those encoding for proteins contain-
ing transmembrane regions. In addition, SRSF7 cytoplas-
mic targets were enriched in transcripts encoding ER pro-
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mapping within Gnb2l1, which contains a possible novel snoRNA in intron 1 and two snoRNAs in introns 2 and 3.

teins, whereas SRSF3 cytoplasmic targets were enriched in
transcripts encoding intracellular proteins and proteins in-
volved in different metabolic processes. These findings sug-
gest roles for SRSF3 and SRSF7 in the nuclear process-
ing of transcripts encoding RBPs themselves and in the cy-
toplasmic regulation—possibly translation or stability—of
discrete pools of mRNAs encoding proteins with different
functions.

Fr-iCLIP detects retained introns in the cytoplasm

Because transcripts are expected to be fully spliced in the
nucleus before export to the cytoplasm, intron binding is
expected to be nuclear. To address this globally, SRSF3 and
SRSF7 signals along exon—intron junctions were analyzed
on all bound transcripts (Figure 4). In all fractions, maxi-
mum signals peaked in the exon area, whereas intronic sig-

nal varied among fractions. Specifically, SRSF3 and SRSF7
binding to introns was highest in chromatin, lower in nu-
cleoplasm, and lowest in cytoplasm. The decrease in in-
tron binding from chromatin to nucleoplasm to cytoplasm
may reflect the range of splicing kinetics for individual in-
trons, because splicing is predominantly co-transcriptional
but can continue post-transcriptionally (6,37-38). However,
Fr-iCLIP analysis detected low levels of binding to introns
in the cytoplasm, raising the possibility that SR proteins
may significantly bind some introns in the cytoplasm.

To identify introns that may be significantly bound by
SRSF3 and SRSF7 in the cytoplasm and minimize false
positives, a signal-based threshold was applied (Supplemen-
tary Figure S3A and B) and identified 137 and 243 in-
trons bound by SRSF3 and SRSF7, respectively (Figure
SA). Due to the high degree of overlap, we pooled the
286 cytoplasmic intronic targets of SR proteins (Supple-
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mentary Table S5) and queried potentially shared features
among them. First, these cytoplasmic introns displayed sig-
nificantly higher conservation than typical introns in the
mouse transcriptome (Figure 5B) (32). Indeed, 17 of 286 in-
trons harbor previously identified ultra-conserved elements
(UCEs), which are typically defined as 200 nt sequences
with conservation between 80% and 100% between human,
rat and mouse (33,34). Furthermore, many of our 286 cy-
toplasmic introns are highly conserved along their full se-
quence (Figure 5C). Plotting all 286 introns according to
their phastCons conservation score, we divided the cyto-
plasmic introns into three categories for further analysis:
low, medium and high conservation (Figure 5C). Typical
mouse introns have a PhastCons score of 0.1 (or 10%), lead-
ing us to set the conservation score threshold between low
and medium categories 2-fold higher (0.2); the threshold
between medium and high conservation (0.6) was chosen,
as it is close to the median conservation score observed for
UCE-containing introns (Figure 5B and C). Both low and
high conservation SRSF3 and SRSF7 binding sites were
observed in the three groups (Supplementary Figure S3C).
Thus, the cytoplasmic introns detected by Fr-iCLIP are en-
riched in highly conserved sequences.

Using the cytoplasmic introns grouped into low, medium,
and high conservation categories, we asked if particular fea-
tures of each intron were uniquely correlated. Compari-
son of median intron size among the groups and to typical
murine introns (1,288bp) revealed that cytoplasmic introns
in the low group were 6-fold longer (7943 bp), while those in
the medium and high groups were not (Figure 5D and Sup-
plementary Figure S4A). In contrast, size differences were
not observed for the exons to the right or left of the cyto-
plasmic introns (Supplementary Figure S4B and C). One
explanation for the prevalence of long introns in the low
conservation pool is that longer introns, which may be less
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efficiently spliced, may have more SR protein binding sites
that are each lower in their conservation. Indeed, analysis
of binding site conservation revealed that cytoplasmic in-
trons in the low group displayed a prevalence of lowly con-
served binding sites, while those in the high group displayed
a prevalence of highly conserved binding sites (Supplemen-
tary Figure S3C). Thus, intron-retained mRNAs detected
by Fr-iCLIP in the cytoplasm are either typical in size with
highly conserved binding sites or significantly longer with
many lowly conserved binding sites.

The high conservation of cytoplasmic introns suggests
that the mRNAs harboring them may have specific bio-
logical functions. To address this, GO-term analysis for
the three groups was performed (Supplementary Table S6).
The GO-term enrichment for the transcripts containing
cytoplasmic introns with high and medium conservation
shared most biological functions; moreover, most processes
enriched in these two classes were gene expression and
splicing- and RNA processing-related, in line with the idea
that SR proteins can regulate splicing either directly or indi-
rectly by regulating splicing regulators (11,12). In contrast,
transcripts containing cytoplasmic introns with low conser-
vation were more enriched in general metabolic and biosyn-
thesis processes; other biological processes including RNA
splicing and processing were identified with much lower en-
richment and P-values.

To further pursue the functional significance of con-
served cytoplasmic introns detected in the cytoplasm, we
considered the possibility that the corresponding intron-
retained mRNAs could be targeted by nonsense mediated
decay (NMD), in which transcripts containing premature
stop codons (PTCs) are normally degraded in the cytoplasm
(42-44). UCE-containing transcripts, such as those encod-
ing the SR proteins themselves, are well known to employ
this mechanism for auto-regulation of protein levels (12,33—
34,45). To address this, mRNAs containing cytoplasmic in-
trons detected by Fr-iCLIP were analyzed for the frequency
of introduction of PTCs into the corresponding host mR-
NAs. 80% of cytoplasmic introns occurred within anno-
tated coding regions, and all of these introduce at least one
PTC (Figure 5SE). An alternative hypothesis is that these in-
trons retained within coding regions could, if translated,
give rise to new protein domains. Indeed, in silico trans-
lation into cytoplasmic introns revealed that 18% lead to
the addition of potentially new domains, including trans-
membrane domains and low complexity domains (Supple-
mentary Figure S5 and Supplementary Table S7). These do-
main types are characterized by highly repetitive amino acid
stretches, in line with highly repetitive RNA sequences typ-
ical of introns. It is possible that these putative isoforms are
produced at low levels or in particular cell types, providing
one explanation for why these mRNA isoforms are not cur-
rently annotated.

If the intron-retained mRNA isoforms are physiologi-
cally relevant, one might expect them to be specific mRNA
export targets. To address this, we focused on a distinct sub-
set of the cytoplasmic bound introns were highly conserved
along the full intronic sequence (Figure 6 and Supplemen-
tary Figure S6). Two of the most highly bound SRSF3 and
SRSF7 intron targets in this class were their own transcripts
(Figure 6A&B). In the Fr-iCLIP data, we saw that this
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auto-regulatory binding is maintained during RNA mat-
uration, with the majority of SRSF3 and SRSF7 binding
along highly conserved introns (90-97% nucleotide conser-
vation between human, mouse and rat) within their own
transcripts. These introns harbor so-called ‘poison cassette’
exons that introduce PTCs and trigger NMD in the cyto-
plasm (12,33,46). Surprisingly, we could also show that such
binding is not restricted to the poison cassette, but extends
along the entire intron and is maintained in the cytoplas-
mic fraction (Figure 6). SR proteins can recruit the nuclear
export factor, NXF1, to mRNAs to facilitate their export
to the cytoplasm (11). We used our previously published
iCLIP data to determine whether NXF1 binds these introns
(11). Indeed, NXF1 crosslinks to intronic sequences flank-

ing the poison cassette exons in both SRSF3 and SRSF7
(Figure 6A&B, lower panels), while the negative control
(NLS-GFP) showed no binding. Furthermore, other highly
conserved cytoplasmic introns detected by Fr-iCLIP (Sup-
plementary Figure S6); these include introns in ARGLUI,
DDX5 and a highly conserved intron in HNRNPH 1, which
was excluded by our list due to stringent filtering. All cyto-
plasmic introns analyzed showed NXF1 binding. Taken to-
gether, these data suggest that the intron-retained mRNAs
detected by Fr-iCLIP could be specifically exported to the
cytoplasm by NXF1.

The strong binding to the introns surrounding the poison
cassette exons in the cytoplasm suggests that the conserved
introns may be included together with the poison cassette
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exons. To address this, cytoplasmic mRNA was subjected
to RT-PCR (Supplementary Figure S6F), validating the in-
clusion of the highly conserved introns and showing that
the poison cassette exons can be included together with
the flanking conserved introns. In contrast, intronic signal
for SRRM?2 was absent by RT-PCR; the SR protein CLIP
tags mapping to the SRRM?2 intron were not detectable
in cytoplasm rendering SRRM?2 a negative control (Sup-
plementary Figure S6E). Moreover, publicly available data
produced for polyA+ RNA-Seq confirmed elevated levels
of these introns excluding SSRM2 in cytoplasmic mRNAs
prepared from numerous cell lines (Supplementary Figure
S7) (47). We conclude that intron-retained mRNA isoforms
identified by Fr-iCLIP are independently detectable in the
cytoplasm of P19 cells and also occur in multiple cell lines.

Intron-retained mRINAs detected in polysomes are not sub-
strates for NMD

Because the intron-retained mRNA isoforms detected by
Fr-iCLIP contain PTCs, they may trigger NMD in the cyto-
plasm. To test whether these mRNAs are translated, we per-
formed polysome profiling and extracted RNA from mono-
some, early polysome and late polysome fractions (Figure
7A). Note that NMD-sensitive RNAs can be mostly found
in the monosomes and early polysome fractions (48). RT-
PCR was used to determine whether the intron-retained
mRNAs discussed above were present in polysomes (Fig-
ure 7B). The intron-retained mRNAs were mostly present
in monosome and early polysome fractions; this pattern of
migration in the sucrose density gradient was disrupted by
EDTA treatment as were polysomes (Supplementary Fig-
ure S§A&B), arguing that the presence of intron-retained
mRNAs in polysome fractions is not fortuitous. We con-
clude that intron-retained mRNAs bound by SRSF3 and
SRSF7 in the cytoplasm are present on ribosomes and can-
didates for regulation by NMD.

To test whether the detected intron-retained mRNAs
are degraded by NMD, the abundance of intron-retained
mRNA was determined under two independent conditions
that inhibit NMD: CHX treatment and UPF1 knockdown
(42,49). Both conditions increased the levels of the SRSF3
and SRSF7 poison cassette isoforms, as expected (Figure
7C and D). However, neither treatment had detectable ef-
fects on the levels of any of the other four intron-retained
isoforms (ARGLUI, HNRNPHI, and SRSF3 and SRSF7).
Taken together, these data indicate that the intron-retained
mRNAs detected by Fr-iCLIP are not substrates for NMD.

DISCUSSION

Here we combined UV-crosslinking, cell fractionation and
immunopurification of RBPs (Fr-iCLIP), to obtain sensi-
tive, high resolution RNA-protein interaction data in vivo.
Fr-iCLIP revealed changes in the RNA binding landscape
of SRSF3 and SRSF7 as transcripts proceed from chro-
matin to nucleoplasm to cytoplasm. Continuous occupancy
of some sites, notably in exons, suggests retention of these
interactions through cellular compartments and during dif-
ferent regulatory events. Interestingly, persistent binding to
conserved introns in all three fractions highlights the un-

appreciated export of intron-retained mRNAs to the cyto-
plasm. Below, we expand on these points and discuss our
evidence that at least some of the detected intron-retained
mRNAs may be stable and functional. Given the emerg-
ing importance of intron retention in development, cellular
proliferation and differentiation pathways (39,50-53), Fr-
iCLIP offers a sensitive means of addressing these phenom-
ena and their molecular underpinnings.

The Fr-iCLIP method is general and adapted to cur-
rent high throughput iCLIP protocols. Two previous stud-
ies combined cytoplasmic fractionation with CLIP to de-
tect a limited complexity of transcripts (27,28). Our chief
concerns have been leakage among fractions (i.e. nucleo-
plasm leakage into the cytoplasmic fraction) and potential
effects of UV crosslinking on existing fractionation proto-
cols. Our protocol yields well-separated fractions, because
SRSF3 and SRSF7 crosslinks to snoRNAs were limited to
the nucleus and crosslinks to mitochondrial RNAs to the
cytoplasm, as expected for these highly localized RNAs.
The biological significance of SR protein binding to these
ncRNA classes is currently unknown. SRSF3 and SRSF7
crosslinks to IncRNAs were mostly nuclear, also as expected
(24,54). Finally, the sum of the iCLIP reads from all three
compartments matched well with whole cell iCLIP, showing
that no class or population of RNA-protein interactions
was lost during the cellular fractionation steps. We antici-
pate that Fr-iCLIP will be broadly applicable to other ex-
perimental systems, such as cells, tissues, and model organ-
isms.

SRSF3 and SRSF7 Fr-iCLIP revealed class of conserved
introns that are retained in cytoplasmic mRNAs. The ma-
jority of crosslinking to introns was limited to the nu-
cleus, with the highest signals on chromatin, consistent with
the known predominance of co-transcriptional splicing (6).
Note that co-transcriptional splicing is lower in mouse than
in other species analyzed (55). Given the good separation
of the cellular fractions, the detection of a specific pop-
ulation of introns in the cytoplasm should not be inter-
preted as leakage. Instead, the positive selection of bound
transcripts through crosslinking allows identification of low
abundance transcripts. Despite their low levels, the presence
of selected intron-retained mRNAs was validated by RT-
PCR, polysome fractionation, and analysis of cytoplasmic
mRNA-Seq datasets. Bioinformatic analysis of 286 high
confidence cytoplasmic introns revealed that 50% of these
introns are conserved at least two-fold more conserved that
typical mouse introns; indeed, a subset contains ultracon-
served elements or UCEs (33,34) and 37 are >60% con-
served overall. In addition, the cytoplasmic introns tend to
be larger, with the low conservation group 6.6kb larger than
usual. Highly conserved introns tended to have highly con-
served binding sites; lowly conserved, long introns did not.
Interestingly, one of the latter group, CHSTI1, is among
the transcripts that is predicted to acquire a novel protein
domain through intron retention.

Most of the intron-retention events detected by Fr-iCLIP
led to the introduction of PTCs into the host mRNAs.
Ultra-conserved introns have previously been shown to be
auto-regulatory targets of SR proteins; poison cassette ex-
ons within these conserved introns contain PTCs and target
alternative isoforms for NMD (12,33,45-46). We show here
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sensitivity was tested by comparing changes in isoform levels by RT-PCR of total RNA as indicated.

that SR proteins and NXF1 crosslink to introns flanking
poison cassette exons in SRSF3 and SRSF7 transcripts and
that these introns are present in cytoplasm. In addition, we
detected conserved target introns, such as those in DDX5
and HNRNPH]I, which do not contain poison cassette in-
trons and are nevertheless present in cytoplasm. Interest-
ingly, an intron-retained, cytoplasmic isoform of ARGLUI
mRNA was detected shown to be resistant to NMD. It was
recently shown that the conserved intron of ARGLUI can
also undergo alternative splicing to render the transcript
sensitive to NMD, and both intron retention and alterna-
tive splicing were linked to the UCE (56). Additionally, we
show the presence of NXF1 on conserved intronic regions
within these introns. This scenario emphasizes the signifi-
cance of highly conserved intron sequences, which can have
multiple and overlapping regulatory functions in splicing,
mRNA export, and mRNA stability.

Taken together, Fr-iCLIP has revealed the nuclear ex-
port of a subset of intron-retained targets of SRSF3 and
SRSF7. We show that the four intron-retained mRNAs
tested are present in monosomes and light polysomes but
were not stabilized by UPF1 knockdown or CHX treat-
ment, which would indicate degradation by NMD. These
transcripts may be substrates for cytoplasmic degradation
by nonsense-mediated translational repression (NMTR), a
poorly studied surveillance mechanism that seems to target
NMD resistant isoforms and does not use standard NMD
factors (43,57). Our observation that these isoforms are not
affected by UPF1 depletion and are present in polysomes
with similar profiles as NMTR targets (58), would be con-
sistent with this mechanism or the production of truncated
protein isoforms. Additionally, these low abundance tran-
scripts could potentially have escaped surveillance for cur-
rently unknown reasons. Overall, we can conclude that at
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least a fraction of intron-retained mRNAs, previously char-
acterized by others and assumed to be nuclear (39), may in-
deed be exported to the cytoplasm at low levels. Therefore,
Fr-iCLIP has provided insights into rare and specific RNA—
protein interactions with different RNAs that occur in a dy-
namic fashion, from synthesis and processing to translation
and decay.
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