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ABSTRACT

The TREX-TAP pathway is vital for mRNA export.
For spliced mRNA, the TREX complex is recruited
during splicing; however, for intronless mRNA, re-
cruitment is sequence dependent. However, the ex-
port of cytoplasmic long noncoding RNA (IncRNA)
is poorly characterized. We report the identification
of a cytoplasmic accumulation region (CAR-N) in
the intronless IncRNA, NKILA. CAR-N removal led
to strong nuclear retention of NKILA, and CAR-N in-
sertion promoted the export of cDNA transcripts. In
vitro RNP purification via CAR-N, mass spectrome-
try, and siRNA screening revealed that SRSF1 and
SRSF7 were vital to NKILA export, and identified
a cluster of SRSF1/7 binding sites within a 55 nu-
cleotide sequence in CAR-N. Significant nuclear en-
richment of NKILA was observed for NKILA lack-
ing CAR-N or the cluster of binding sites in knock-
in models. Depletion of TREX-TAP pathway compo-
nents resulted in strong nuclear retention of NKILA.
RNA and protein immunoprecipitation verified that
SRSF1/7 were bound to NKILA and interacted with
UAP56 and ALYREF. Moreover, NKILA lacking CAR-
N was unable to inhibit breast cancer cell migration.
We concluded that the binding of SRSF1/7 to clus-
tered motifs in CAR-N facilitated TREX recruitment,
promoting the export of NKILA, and confirmed the
importance of NKILA localization to its function.

INTRODUCTION

The correct localization of RNA is vital to its function. In
the human genome, 95% of protein-coding genes contain
multiple exons; the remaining 5% are genes with a single
exon (1). Al mRNAs encoded by multi-exon or single exon
genes must be exported from the nucleus to the cytoplasm

for translation. It is now widely accepted that the TREX-
TAP pathway is fundamental for the export of transcripts
from multi-exon genes, with the TREX complex recruited
during splicing (2). Specifically, the cap-binding complex
(CBC) binds the cap structure after transcription and the
CBC component CBP80 interacts with the TREX com-
ponent ALYREF during splicing to recruit TREX com-
plex to the 5'-end of spliced mRNA; then, ALYREF in-
teracts with the TAP/p15 (NXF1:NXT1) dimer at the nu-
clear pore, leading to the export of spliced mRNA from 5
to 3’ (3,4). More recently, PABPNI-dependent ALYREF
binding at the 3’-end of mRNA has been reported (5) and
such interactions link 3’-end processing and mRNA ex-
port to enhance the export of non-polyadenylated histone
mRNA (6). ALYREF and other TREX components have
also been shown to interact with spliced mRNA in an
exon junction complex (EJC)- and CBC-dependent man-
ner (7). In contrast, in S. cerevisiae, the Prpl9 complex
is essential for stable TREX recruitment at actively tran-
scribed intron-containing as well as intronless genes (8).
Apart from ALYREF, serine/arginine-rich (SR) proteins,
such as 9G8/SRSF7 and SRp20/SRSF3, have been re-
ported to serve as adaptors in mRNA export that facilitate
the recruitment of general export factors (9-11).

In contrast to the extensive knowledge of the export
mechanisms of spliced mRNAs, much less is known about
the export of naturally intronless mRNAs in humans. In-
deed, the question of how these mRNAs are exported ef-
ficiently in the absence of splicing has remained unsolved
for many decades. Our studies using four naturally intron-
less reporters from humans support a model of sequence-
dependent recruitment of export machinery, in which cy-
toplasmic accumulation regions (CARs) critical for ex-
port were identified in the coding region of the transcripts
(12,13). The CAR or the consensus sequence, CAR-E,
facilitates the export of naturally intronless mRNAs via
the TREX-TAP pathway (12,13). Other studies exploring
the mechanisms for unspliced RNA export have focused
on viral RNAs and identified the importance of RNA
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sequences/motifs. At present, the motifs mapped include
the post-transcriptional regulatory element (PRE), con-
stitutive transport element (CTE), Rev-response element
(RRE), direct repeat (DR), and pre-mRNA processing en-
hancer (PPE). These motifs have been reported to interact
mostly with the mRNA export receptor TAP/NXF1 or, in
selected cases, with CRM1 (14-18), often in the presence of
additional adaptors. For example, PRE utilizes the adaptor
ICP27 to bind TAP/NXF1 (19) and the binding of hnRNP-
L to PPE enhances export (20). Likewise, CTE-RNA recog-
nition is facilitated by NXF1:NXT1 dimerization (21) and
recruitment of ZC3H18 to the sub-element of PRE is essen-
tial for the association of TREX and RNA (22) to stimulate
nuclear export.

The recent emergence of a large number of IncRNAs has
provided further challenges in studying the mechanisms of
RNA localization. Unlike mRNAs, IncRNAs do not en-
code proteins and are reported to have fewer exons (23).
Initially, IncRNAs were believed to be localized in the nu-
cleus (24), but their location was eventually clarified to be
predominantly cytoplasmic. The analysis of human and
Drosophila subcellular compartments revealed that approx-
imately ~75% of IncRNAs were enriched in the cytoplasmic
fractions (25). However, several extensively studied IncR-
NA:s, including XIST and MEGS3, predominantly localize
in the nucleus even though they are spliced; such a dilemma
can be explained by the presence of sequences/motifs in
the IncRNAs that facilitate their retention in the nucleus.
The localization and stability of XIST is dependent on se-
quences scattered throughout the RNA, with a 5 element
that is vital to its correct localization and transcriptional
silencing (26). For MEG3, the nuclear retention element
is mapped and the element can recruit Ul small nuclear
ribonucleoprotein (sSnRNP) components to retain MEG3
in the nucleus (27). The interaction of Ul snRNP with an
RNA motif has also been linked with chromatin retention
of other noncoding RNAs (28). In addition, a short pen-
tamer, AGCCC, in BORG (29) and a longer repeating re-
gion in FIRRE have been reported to be vital for their lo-
calization, respectively (30). C-rich motifs derived from Alu
repeats have been shown to govern IncRNA nuclear local-
ization by recruiting HNRNPK (31). A C-rich nuclear en-
richment pattern was also reported to be responsible for the
nuclear localization of several human IncRNAs (32).

Like mRNAs, there are also mono-exonic IncRNAs, in-
cluding NEAT1, MALATI, NORAD and NKILA (33—
36). NKILA is a cytoplasmic intronless IncRNA compris-
ing 2615 nucleotides. It is reported to be a key factor in
breast cancer metastasis and inflammation, and acts as a
negative feedback regulator of NF-kappaB (34). However,
the export mechanism of NKILA is still undetermined.
Here, we have reported that similar to naturally intron-
less protein-coding genes, the nuclear export of NKILA
is sequence dependent. A CAR vital to NKILA export,
which we named CAR-N, was mapped, and functioned in
both natural and heterologous contexts. Further, we identi-
fied SRSF1 and SRSF7 as trans factors recruited to CAR-
N that facilitated TREX recruitment by interacting with
UAPS56 and ALYREF to promote NKILA export. In addi-
tion, we uncovered evidence to show that NKILA was also
exported by the TREX-TAP pathway and that the removal
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of CAR-N impaired its ability to suppress cell migration.
Overall, these results, in addition to those from previous
studies, favor the sequence-dependent export of intronless
mRNAs and IncRNAs via the TREX-TAP pathway.

MATERIALS AND METHODS
Constructs and antibodies

The full-length NKILA plasmid was a gift, kindly provided
by Prof. Erwei Song of Sun Yat-sen University. NKILA
truncation and deletion constructs were PCR-amplified
from the full-length NKILA plasmid and inserted into the
pcDNA3 vector (Invitrogen) at the Kpnl and Xhol sites. To
construct a chimeric reporter containing CAR-N with B-
globin or GASS5 ¢cDNA, overlap PCR was performed and
the products were inserted into the pcDNA3 vector at the
Kpnl and XholIsites. As a negative control for CAR-N, a se-
quence of similar length was amplified from the full-length
NKILA plasmid and cloned using the same strategy. All
constructs were sequenced before transfection. The primers
used for constructs are listed in Supplementary Table S1.

Antibodies targeted to SRSF1 (ProteinTech 12929-
2-AP), SRSF7 (ProteinTech 11044-1-AP), DHX9 (Pro-
teinTech 17721-1-AP), HNRNPC (ProteinTech 11760-1-
AP), PRPF8 (ProteinTech 11171-I-AP), SRSF9 (Protein-
Tech 17926-1-AP), U2AF2 (Santa Cruz-48804), E-cadherin
(CST-14472), vimentin (ProteinTech 10366-1-AP), and B-
actin (Origene-TA811000), all used at a 1:1000 dilution,
and to tubulin (Sigma T9026; 1:10 000 dilution), were
used for western blotting. Antibodies targeted to ALYREF,
UAPS56, TAP/NXF1, THOC2 and PRPF19 were gifts from
the Reed Lab of Harvard Medical School. For immuno-
precipitation (IP), SRSF7 (ab137247) and IgG (ab172730)
antibodies were used. For western blotting after IP, a
conformation-specific mouse anti-rabbit IgG (Cell Signal-
ing 3678) secondary antibody was used.

Cell culture and transfection

MCF-7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Life Technologies) supplemented with
10% fetal bovine serum (FBS; Life Technologies). For tran-
sient transfection, cells were grown to 70-80% confluency
and treated with 1 g plasmid DNA in Lipofectamine 2000
(Invitrogen). For siRNA treatment, cells at 30%—-35% con-
fluency were transfected with siRNA duplexes in Lipo3000
(Invitrogen). Non-targeting siRNA was used as the nega-
tive control. All siRNAs were manufactured by RiboBio,
China, and the siRNA sequences and IDs are listed in Sup-
plementary Table S2.

RNA-fluorescence in situ hybridization (FISH)

RNA-FISH was performed as previously described (13).
Briefly, at 24 h after plasmid transfection, the cells were
fixed with 4% paraformaldehyde and then permeabilized
with 0.1% Triton X-100. After washingin 1x SSC/50% for-
mamide, the cells were incubated with the probe overnight
at 37°C. DAPI was used for nuclear staining. The FISH
probe sequence was 5-AAGGCACGGGGGAGGGGC
AAACAACAGATGGCTGGCAACTAGAAGGCA
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CAGTCGAGGCTGATCAGCGGGT. The FISH probe
was prelabeled at the 5'-end with Alexa Fluor 546 NHS
ester and purified by HPLC. Fluorescence was detected
using a DMIS8 microscope (Leica).

For endogenous RNA-FISH of NKILA, probe sets
against NKILA and GAPDH were purchased from
Biosearch Technologies, Inc., Petaluma, CA. MCF-7 cells
were hybridized with the NKILA FISH probe set labeled
with Quasar 570 dye in accordance with the manufacturer’s
instructions. Briefly, the cells were fixed with 4% PFA, per-
meabilized with 70% ethanol, and then incubated with the
probe and hybridization buffer for ~16 h at 37°C. GAPDH
was used as the positive control.

Preparation of nuclear extracts

The nuclear and cytoplasm of cells were separated as de-
scribed by Folco et al. (37). Briefly, MCF-7 cells at 90% con-
fluency were detached using a cell scraper and then treated
with hypotonic buffer. The swelled cells were lysed using a
Dounce homogenizer. Low- and high-salt buffers were used
to extract the nuclear fraction and dialyzed in buffer (20
mM HEPES, 100 mM KCL, 0.2 mM EDTA, and 20% glyc-
erol) using MINI dialysis units (Thermo).

RNP purification in vitro

For in vitro RNP purification, the plasmid construct con-
taining CAR-N or the control sequence driven by the T7
promoter was linearized using Xhol and the products were
used as a template for RNA transcription. Transcription
was performed with biotin-UTP at 37°C for 2 h using a mix-
ture of UTP (2mM) and ATP/CTP/GTP (all at4 mM) with
a UTP:biotin-16-UTP ratio of ~12:1. Transcribed RNA
was purified using a Mini Quick Spin Column (Roche) af-
ter DNase I treatment. RNA (1 pg) was incubated with 200
wl MCF-7 nuclear extract in RNA binding buffer (0.5%
NP40, 50 mM KCI, 10 mM HEPES and 1.5 mM MgCl,)
for 30 min at 30°C, and then 50 p.l of streptavidin agarose
resin (Thermo) was added and rotated at room temperature
for ~50 min. Finally, the proteins were eluted in protein gel
loading buffer.

Protein immunoprecipitation

For protein IP, ALYREF and IgG antibodies or a mixture
of SRSF1 and SRF7 antibodies were crosslinked to protein
A beads (GE Healthcare) with DMP. The beads were in-
cubated overnight at 4°C with nuclear extract from MCF-7
cells. The mixture was then washed in buffer (0.1% Triton
X-100 in PBS) and the proteins were eluted in protein gel
loading buffer.

RNA immunoprecipitation

For RIP, full-length NKILA or NKILA lacking the cluster
of SRSF1 and SRSF7 binding sites (55 nt) was transfected
into MCF-7 cells. Nuclear extracts were prepared 12 h after
transfection. The mixture of SRSF1 and SRSF7 antibodies
was crosslinked to protein A beads (GE Healthcare), incu-
bated with nuclear extract, and washed with buffer (20 mM

HEPES, 0.1% Triton X-100, 250 mM KCl, 2.5 mM EDTA
and 5 mM DTT). RNA was then purified for use in RT-
PCR by phenol/chloroform extraction and ethanol precip-
itation.

Inducible stable cell lines

The Flp-In T-Rex technique was used to establish doxycy-
cline (Dox)-inducible stable cell lines. Full-length NKILA,
NKILA-del-CAR-N and NKILA-del-55nt SR1/7 cluster
were subcloned into the pcDNAS/FRT/TO vector (Invitro-
gen). The vectors were co-transfected with pOG44 plasmid
encoding the recombinase and selected for by hygromycin.
A final concentration of 1 pg/mL Dox was added to induce
expression for 24 h and single-cell clone with good expres-
sion was selected and then expanded.

gRT-PCR

Total RNA was purified using TRIzol and treated with
DNase I (Promega). 1 pg of DNA-free total RNA was
reverse transcribed using M-MLV reverse transcriptase
(Promega). For separation of nuclear and cytoplasmic frac-
tions, the extraction kit (Beyotime China, P0027) was used.
For RT-qPCR, PCR was performed with SYBR qPCR
Q711 kit (Vazyme China, Q711-03) and Mx3005P Real-
Time PCR System (Agilent). The thermocycling protocol
was 95°C for 30 s followed by 40 cycles of 95°C for 10 s
and 60°C for 30 s. NKILA expression level was normal-
ized to the level of 5srRNA in each fraction. The primer
sequences are listed in Supplementary Table S1. Cyto/Nuc
ratio was calculated using ACt values. All experiments were
performed in triplicates.

Mass spectrometry

Mass spectrometric analysis was performed at the core
facility of Tsinghua University. In-gel digestion was per-
formed after catalase activity and proteins were identified
as previously described (38). Briefly, 5 mM dithiothreitol
(DTT) was added to reduce protein disulfide bonds and
11 mM iodoacetamide was added for alkylation. Sequenc-
ing grade-modified trypsin with 50 mM ammonium bicar-
bonate was used overnight at 37°C for in-gel digestion. An
aqueous solution of 1% trifluoroacetic acid in 50% acetoni-
trile was used for peptide extraction and the volume was re-
duced using a SpeedVac. An Orbitrap Fusion Lumos Trib-
rid mass spectrometer (Thermo Scientific) was used for the
final peptide analysis. In Supplementary Table S3, contam-
inants such as keratin, tubulin, translation, and ribosome-
associated proteins have been excluded and proteins en-
riched in CAR-N RNP relative to the control are listed.

Migration assay

For the migration assay, the cells were cultured in flat-
bottomed plates and treated with TGF-B1 (Peprotech 100-
21) at a final concentration of 10 ng/ml. After a monolayer
was formed, a wound was created manually in ~90-95%
confluent cells using a 200 wl pipette tip. The medium was
discarded to remove the detached cells and fresh medium



was added. Images at 0 h were captured immediately after
wound creation; then, the cells were incubated at 37°C in
a 5% CO; incubator and images were captured at the indi-
cated time points by a DMI4000B (Leica). The wound area
was quantified by ImageJ] and represented as a percentage
migration relative to the gap area at 0 h.

Quantification and statistical analysis

The intensity of the RT-PCR bands was quantified by
ImageJ and presented after normalization to the loading
control. For statistical analysis, data from three indepen-
dent experiments were compared with the control group by
ANOVA and presented graphically using Prism 8 with spe-
cific P-values shown in each figure. The SRSF1 and SRSF7-
binding motifs in CAR-N were predicted using the online
tool RBPmap (http://rbpmap.technion.ac.il) by the algo-
rithm based on the weighted-rank (WR) approach, as pre-
viously described (39). The WR reflects the propensity of
suboptimal motifs to cluster around the significant motif.
Briefly, the WR score was compared with the mean WR
score of a pre-defined genomic region, the Z-score was the
deviation of the WR score from the mean of background
data sets, and the P-value represents the probability of ob-
taining a specific Z-score considering a normal distribution.

RESULTS
NKILA is predominantly localized in the cytoplasm

To determine the cellular localization of endogenous
NKILA, the expression of NKILA transcript was analyzed
by RT-PCR in MCF-7 cellular fractions. The expression
of NKILA was detected in both the cytoplasmic and nu-
clear compartments: relatively, 65% was present in the cyto-
plasm and 35% was present in the nucleus (Figure 1A). Effi-
cient nuclear and cytoplasmic fractionation was confirmed
by western blotting with UAPS56 and tubulin as the nuclear
and cytoplasmic markers, respectively (Figure 1B).

To explore the mechanism of intronless NKILA export,
full-length NKILA cDNA cloned in the pcDNA3 vector
was used as a reporter (Figure 1C). The NKILA reporter
construct was transfected in MCF-7 cells and RNA-FISH
was performed to determine the subcellular localization of
the reporter transcripts. As shown in Figure 1D, NKILA
reporter transcripts were predominantly observed in cyto-
plasm. As a control, the IncRNA MEG3 reporter was also
transfected and the transcripts were predominantly located
in the nucleus (Figure 1C and D). MEG3 was used as a
control as it has been shown to be an IncRNA located
predominantly in the nucleus (27). To confirm the local-
ization of endogenous NKILA, endogenous RNA-FISH
was performed with a probe set targeting NKILA, and
GAPDH was used a positive control. We observed no sig-
nal from the sample with no addition of the probe, whereas
both NKILA and GAPDH were predominantly cytoplas-
mic (Supplementary Figure S1A). We confirmed the FISH
signal observed for NKILA by depleting or overexpressing
NKILA. As shown in Supplementary Figure S1B, knock-
down of NKILA led to the loss of FISH signal and NKILA
overexpression resulted in a striking enhancement of flu-
orescence. The knockdown efficiency of siRNA targeting
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NKILA was confirmed by RT-PCR (Supplementary Fig-
ure S1C).

To exclude the possibility of cryptic splicing of NKILA
transcripts, NKILA was transfected into MCF-7 cells and
RT-PCR was performed with two pairs of primers spanning
the full NKILA sequence. Products of the expected sizes
were observed without noticeable cryptic splicing (Supple-
mentary Figure S2A and B). Similarly, no obvious cryptic
splicing in endogenous NKILA was observed using the two
primer sets spanning the NKILA sequence (Supplementary
Figure S2C). Together, these results suggested that NKILA
was mostly unspliced cytoplasmic transcript at reporter and
endogenous levels, and that the NKILA reporter could be
used to examine the export mechanism of NKILA.

NKILA contains a cytoplasmic accumulation region (CAR)
facilitating nuclear export

To test the hypothesis that intronless NKILA also con-
tained a CAR vital to its export, as described for naturally
intronless mRNAs (12,13), a series of truncated NKILA
constructs were generated (Figure 2A, a—n) and transfected
into MCF-7 cells. Next, RNA-FISH was performed to de-
termine the localization of transcripts from each construct
(Figure 2B, a-—n).

While truncation of different lengths at the 3’-end of
NKILA had no significant impact on the cytoplasmic local-
ization of NKILA transcripts (Figure 2A—C, a—d), removal
of the 5-end of NKILA led to striking nuclear retention:
only 10% of cells had a cytoplasmic FISH signal, as com-
pared with 90% of cells with the wild-type construct (Figure
2A-C, e—f). Further fine mapping revealed a region span-
ning ~200 nucleotides between 251 and 450 nt of NKILA
was vital for its cytoplasmic accumulation (Figure 2A-C,
g-m); removal of this region resulted in significant export
defect, with only 5% of cells showing a cytoplasmic FISH
signal (Figure 2A—C, m). In addition, transcripts from this
region alone were mostly localized in the cytoplasm, with
80% of cells showing a cytoplasmic FISH signal as com-
pared with 90% in the control (Figure 2A—C, n). These data
supported that intronless NKILA transcripts contained a
CAR vital for cytoplasmic accumulation; subsequently, we
named this CAR as CAR-N (Cytoplasmic Accumulation
Region in NKILA).

CAR-N promotes nuclear export of cDNA transcripts

To examine whether CAR-N promoted the export of nu-
clear transcripts, CAR-N was inserted at the 5'-end of B-
globin cDNA or IncRNA GASS5 cDNA, and a region of the
same length from the 3’-end of NKILA (control sequence
CS; NKILA nt 1773-1973) was inserted at the same po-
sition as a control (Figure 3A). Transfection followed by
RNA-FISH revealed that CAR-N promoted the export of
both cDNA transcripts. Specifically, the insertion of CAR-
N into B-globin cDNA resulted in 60% of cells displaying
cytoplasmic accumulation of transcripts, compared with
~18% in the control (P < 0.001), and the insertion of CAR-
N to GASS5 cDNA resulted in 90% of cells displaying cyto-
plasmic accumulation of the transcripts, compared with 5%
in the control (P < 0.001) (Figure 3B and C). In contrast, in-
sertion of the control sequence had no or little effect on the
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Figure 1. Intronless IncRNA NKILA is predominantly localized in the cytoplasm. (A) RT-PCR analysis of endogenous NKILA expression in the nucleus
and cytoplasm of MCF-7 cells. Cyt: cytoplasm, Nuc: nucleus, +rt: with reverse transcriptase, -rt: without reverse transcriptase. (B) Western blotting
analysis to check the efficiency of nuclear and cytoplasmic separation. Tubulin and UAPS56 were used as the cytoplasmic and nuclear markers, respectively.
(C) Schematic of NKILA and MEG3 reporter constructs. Digits indicate the nucleotide numbers. The position of the CMV promoter and the BGH polyA

signal is marked. The sequence of the probe binding site is indicated by a red line. (D) RNA-FISH to show localization of RNA transcribed from the
respective DNA reporter constructs after transfection. DAPI staining was used to identify the nucleus. Scale bar = 10 pm.
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Figure 2. Identification of the cytoplasmic accumulation region in intronless IncRNA NKILA. (A) Schematic of the NKILA constructs and deletions.
The numbers indicate the nucleotide position. Dotted lines represent the deleted sequence. (B) RNA-FISH images that show the subcellular distribution of
NKILA fragments transcribed from the constructs shown in A. Scale bar = 10 wm. (C) The percentage of cells with a cytoplasmic signal (z = 3, 200-300
cells were counted for each transfection). ***P < 0.001. Transcripts with predominantly nuclear signal are labeled in red.
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cellular localization of cDNA transcripts (Figure 3B and
C). To exclude the possibility of cryptic splicing after CAR-
N insertion, RT-PCR was performed and all the transcripts
were of the expected size (Figure 3D), which indicated that
the enhanced export was due to the insertion of CAR-N
itself. These results suggested that CAR-N could facilitate
the nuclear export of cDNA derived from mRNA, as well
as IncRNA.

SRSF1 and SRSF7 recruitment to CAR-N is required for ef-
ficient export of NKILA via the TREX-TAP pathway

To determine whether export of NKILA IncRNA also oc-
curred via the TREX-TAP pathway, the TREX compo-
nents UAP56, THOC2, ALYREF and TAP were depleted
by treatment of MCF-7 cells with gene-specific siRNA. The
knockdown efficiency of each siRNA was confirmed by
western blotting analysis (Figure 4A). As shown in Figure
4B and C, depletion of UAPS56 or TAP resulted in severe
export defects with almost complete nuclear retention of
NKILA reporter transcripts, depletion of THOC?2 blocked
nuclear export in approximately 88% of cells, whereas the
depletion of ALYREF led to moderate nuclear retention in
~50% of cells (Figure 4B and C). The lower nuclear reten-
tion of NKILA after ALYREF depletion may arise from a
low knockdown efficiency or the presence of proteins with
functional redundancy of ALYREEF, such as SR proteins or
UIF (40,41).

To identify the trans factors recruited by CAR-N that
function in NKILA export, RNPs from CAR-N or the con-
trol sequence in vitro was purified using biotin-streptavidin
affinity purification. Proteins enriched in each RNP were
separated using SDS-PAGE (Figure 4D). Mass spectro-
metric analysis detected a total of 118 proteins enriched
in CAR-N RNP (Supplementary Table S3) and several
of the proteins identified were confirmed by western blot-
ting analysis (Supplementary Figure S3A). Gene ontology
(GO) enrichment analysis revealed 13 proteins in RNA
transport/localization/export categories (Supplementary
Table S4). Screening of these proteins with siRNA re-
vealed that SRSF1 and SRSF7 were required for the ex-
port of NKILA reporter transcripts; specifically, depletion
of SRSF1 led to export blockage of the NKILA reporter in
60% of cells and depletion of SRSF7 led to blockage of nu-
clear export in 80% of cells (Figure 4E-H). Co-knockdown
of SRSF1 and SRSF7 resulted in striking nuclear reten-
tion of NKILA in approximately 90% of cells (Figure 4E—
H). To exclude off-target effects of siRNA, a second set of
siRNA against SRSF1 or SRSF7 was used and a consis-
tent phenotype was observed (Supplementary Figure S3B
and C). Transfection of siRNA targeting other proteins into
MCF-7 cells caused no or minor effect on the localiza-
tion of NKILA reporter transcripts (Supplementary Figure
S3D and E). The smaller effect of the depletion of differ-
ent proteins (specifically, ALYREF and SRSF1) compared
with the deletion of CAR-N may result from relatively low
knockdown efficiency or multiple proteins interacting si-
multaneously with CAR-N to mediate the effect. Together,
these results indicated that the recruitment of SRSF1 and
SRSF7 to CAR-N was required to export NKILA via the
TREX-TAP pathway.
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Removal of cluster of SRSF 1/7-binding motifs resulted in
the nuclear retention of NKILA

To minimize the cis-element sufficient to NKILA export,
SRSF1 and SRSF7 binding sites within CAR-N were
predicted using the online tool RBPmap (39). A clus-
ter for overlapping sites of SRSF1 and SRSF7 was pre-
dicted within a small region (363418 nt) of NKILA,
with a total of three SRSF1 motifs and six SRSF7
motifs (Figure 5A). Intriguingly, removal of this clus-
ter of SRSF1/7 motifs led to striking nuclear retention
of NKILA, comparable with the deletion of 251-450 nt
of NKILA (Figure 5SB-D). This result further supported
that SRSF1 and SRSF7 were recruited to CAR-N in a
sequence-dependent manner and were critical for NKILA
export.

To further evaluate the impact of removal of CAR-N or
the cluster of SRSF1/7 binding sites on NKILA localiza-
tion, inducible FRT-HeLa stable cell lines were established
using the Flp-In technique with plasmids of full-length
NKILA, NKILA lacking CAR-N, and NKILA lacking
the cluster of SRSF1/7 binding sites. RT-PCR analysis of
RNA from the nuclear and cytoplasmic compartments in-
dicated that the removal of these sequences led to significant
enrichment of NKILA transcripts in the nucleus (Figure
5E). Specifically, the removal of CAR-N led to an increase
from 38% to 63% of nuclear NKILA, and the removal of
SRSF1/7 binding sites led to a similar increase to 60% (P
< 0.05 in both cases) (Figure 5E and F), which further il-
lustrated the importance of these sequences in the export of
NKILA transcripts.

Depletion of TREX components or SRSF1/7 resulted in nu-
clear accumulation of endogenous NKILA

To clarify whether TREX components also functioned
in the export of endogenous NKILA, MCF-7 cells
were transfected with siRNA specific to UAP56, TAP,
THOC2, or ALYREF followed by nucleo-cytoplasmic
separation. RT-PCR analysis revealed that depletion of
these components led to a moderate enrichment of en-
dogenous NKILA in the nucleus. Specifically, knock-
down of UAP56, TAP, THOC2, and ALYREF resulted
in an increase in endogenous NKILA in the nucleus
from 33% to 58%, 57%, 55% and 43%, respectively
(Figure 6A-C).

Similar analysis was performed for SRSF1 and SRSF7
depletion; knockdown of SRSF1 or SFSR7 individually
led to a moderate increase in endogenous NKILA in
the nucleus, from 37% to 50% and 52%, respectively,
whereas simultaneous depletion of SRSF1 and SRSF7
resulted in further enrichment, to 60%, of endogenous
NKILA in the nucleus (Figure 6D-G). To quantify the ef-
fect of protein depletion on NKILA export further, qRT-
PCR analysis was performed of RNAs from both nu-
clear and cytoplasmic compartments after siRNA treat-
ment. Consistent with the RT-PCR results, knockdown
of each of the proteins led to a significant decrease of
NKILA in the cytoplasm (Figure 6H). Together, these
results supported that SRSF1 and SRSF7 were crucial
for export of endogenous NKILA via the TREX-TAP
pathway.
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SRSF1 and SRSF7 binding to clustered motifs in CAR-N fa-
cilitated TREX recruitment

To build further links between the predicted cluster of
SRSF1/7 binding sites in CAR-N, SRSF1/7 and TREX re-
cruitment, RIP was performed using mixture of SRSF1 and
SRSF7 antibodies after transfection of full-length NKILA
or NKILA lacking cluster of SRSF1/7 binding sites to
MCEF7 cells. As shown in Figure 7A and B, a strong sig-
nal for NKILA was detected by RT-PCR analysis after
RIP with SRSF1/7 antibodies compared with the con-
trol. Moreover, removal of the cluster of SRSF1/7 binding
sites led to a ~40% reduction in NKILA in RIP (P<0.01).
Next, protein IP was performed and, as shown in Fig-
ure 7C, UAP56 and ALYREF were enriched in SRSF1/7
IP, and SRSF1/7 were enriched in ALYREF IP. The re-
sults were further verified by mass spectrometric analy-
sis of the IP samples, with enrichment in total peptides
of UAP56, ALYREF, and SRSF1/7 detected in SRSF1/7
and ALYREF IP compared with the control (Figure 7D).
The full list of proteins detected by mass spectrometry is
shown in Supplementary Tables S5 and S6. Unexpectedly,
co-knockdown SRSF1 and SRSF7 resulted in a reduction
of NKILA in RIP with ALYREF and TAP antibody (Fig-
ure 7E and F). Together, these results suggested that SRSF1
and SRSF7 bound on clustered motifs in CAR-N facilitated
the recruitment of TREX.

NKILA lacking CAR-N failed to suppress cell migration

NKILA is reported to suppress breast cancer cell migration
by masking the phosphorylation motifs of IkB to inhibit
NF-kB activation (34,42). To test whether NKILA localiza-
tion affected cell migration, MCF-7 cells were treated with
TGF-B and, after overexpression of full-length NKILA and
NKILA lacking CAR-N, cell migration assays were per-
formed. As shown in Figure 8A and B, the overexpression
of full-length NKILA significantly suppressed migration
of MCEF-7 cells, with less than 12% and 20% wound area
healed at 24 and 48 h, respectively, compared with 40% and
60% healing following overexpression of NKILA lacking
CAR-N. Consistent with these results, significant increase
in E-cadherin expression and decrease in vimentin expres-
sion were observed in cells transfected with full-length
NKILA, whereas the overexpression of NKILA lacking
CAR-N showed a small effect on the expression of E-
cadherin and vimentin (Figure 8C). These results support
that correct NKILA localization is vital for its function to
suppress cancer cell migration.

DISCUSSION

Different classes of RNA have been reported to have dis-
tinct mechanisms of nuclear export. The export of mi-
croRNAs is mediated by exportin-5 (43) and rRNAs are
exported via the CRM1-Nmd3 pathway (44,45), whereas
exportin-t is vital for the nuclear export of tRNAs (46)
and snRNAs are exported via the CRM1-PHAX pathway
(47,48). Spliced mRNAs are exported via the TREX-TAP
pathway and splicing plays a fundamental role in the export
(11), with the TREX complex recruited to the 5'-end of the
transcripts during splicing via the interaction between the
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cap-binding complex component CBP80 and TREX com-
ponent ALYREF (3,4). The TREX-TAP pathway is also
used in the export of naturally intronless mRNAs in hu-
mans (12); the recruitment of export machinery is sequence-
dependent in the absence of splicing, with the CAR vital to
the export identified in the coding region (12,13).

In this study, we aimed to determine how intronless
IncRNA NKILA was exported. Intriguingly, consistent
with our previous report of CARs in naturally intronless
mRNAs, a cytoplasmic accumulation region (CAR-N) of
~200 nt near the 5'-end of NKILA was mapped that was
vital to NKILA export. Removal of this CAR-N led to a
striking decrease in NKILA export, and insertion of CAR-
N upstream of B-globin cDNA or IncRNA GAS5 cDNA
promoted export of the transcripts. Previously, it was re-
ported that B-globin mRNA contained a nuclear retention
element that could be overcome by increasing the length
of the mRNA (49). However, in our study, the insertion
sequence of similar length to CAR-N from the 3’-end of
NKILA did not promote nuclear export of the reporter
transcripts when compared with CAR-N, suggesting that
the export of these reporters was not due to the increase in
sequence length.

NKILA has been reported as an intronless IncRNA lo-
calized in the cytoplasm (34). Although the potential 5'-
and 3'-splice sites were not recognized by constitutive splice
site prediction, the UCSC genome browser showed a spliced
NKILA variant from EST-generated data with the intron
spans from nucleotides 433 to 1079. To clarify if there was
cryptic NKILA splicing in our system, two sets of primers
were used in the RT-PCR analysis for the reporter and en-
dogenous transcripts, with one primer specifically designed
to detect potential splicing variants. Although we detected
no significant cryptic splicing in NKILA, caution should be
taken as cryptic splice sites could be activated under certain
conditions.

It is well known that RNA localization is the basis for its
function; however, this is also true for IncRNAs. For exam-
ple, the IncRNA MALAT]1 is localized to nuclear speckles
and NEATTI is associated with paraspeckles and both are
functionally active at these sites (50). The amusing accumu-
lation of IncRNA lacking translation potential in the cy-
toplasm is generally considered an indication of cytoplas-
mic roles. For example, cytoplasmic NORAD sequesters
PUMILO protein for genomic stability (33), a subset of
cytoplasmic IncRNA regulates mRNA translation (51) or
base pairing with Alu element in mRNA leading to mRNA
decay (52). For the intronless IncRNA NKILA, it was re-
ported to block IKB phosphorylation in the cytoplasm (34).
More recently, NKILA was shown to suppress the TGF-p—
induced epithelial-mesenchymal transition by blocking mi-
gration in breast cancer (42). In our study, we have shown
that the action of NKILA as a suppressor of migration was
largely dependent on its cytoplasmic accumulation as the
deletion of CAR-N retained NKILA in the nucleus and im-
paired its ability to suppress migration in MCF-7 breast
cancer cells. We also tried to delete CAR-N or the clus-
ter of SRSF1/7 binding sites in NKILA from the genome
of MCF-7 cells using the CRISPR technique, but no sin-
gle cell colony expanded, further implying the vital role of
NKILA in the proliferation of MCF-7 cells. Surprisingly,
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Liu et al. (2015) (34) identified a region between 300500 nt
of NKILA that was responsible for interaction with p65;
this region largely overlapped with the CAR-N (251-450
nt) mapped in this study. Moreover, they also showed that
NKILA co-localized with p65 in the cytoplasm of MCF-7
cells. In our study, mass spectrometric analysis of the purifi-
cation of RNP from CAR-N using the nuclear extract from
MCEF-7 cells did not identify p65, which further supported
that the binding of NKILA with p65 is indeed cytoplasmic
in nature.

Moreover, we showed the export defects in NKILA by
knockdown of TREX components UAP56, THOC?2, and
to a lesser extent, by ALYREF. It should be noted that
in our study, siRNAs targeting UAP56 and its homolog
URH49 were used for UAP56 knockdown as they were
previously reported to achieve efficient blockage of the
export of wild type B-globin transcripts only with co-
depletion of these two proteins (53). Although the mod-
erate effect of ALYREF depletion may come from a low
knockdown efficiency, it is most likely due to proteins with
functional redundancy of ALYREF. For example, previ-
ous studies suggested that ALYREF was dispensable for
mRNA export in both drosophila and C. elegans (54,55).
There is no doubt that ALYREF is a major adaptor be-
tween mRNA and TAP; however, several SR proteins, in-
cluding 9G8/SRSF7 and SRp20/SRSF3, can also act as a
bridge between mRNA and the TAP receptor (40). UIF is
another mRNA export adaptor that works together with
ALYREF (41). SR proteins (9G8/SRSF7, SRp20/SRSF3,
and ASF/SF2/SRSF1) have been reported to interact with
the same domain of NXF1/TAP as ALYREF, which may

lead to competitive interactions (40). Moreover, a peptide
was identified adjacent to the RRMs of SRp20 and 9GS
critical for interaction with TAP (9). Most recently, it has
been reported that speckle association of intronless tran-
scripts is mediated by SR proteins that enhance TREX re-
cruitment for enhanced export of unspliced transcripts (56).

We previously proposed a model of sequence-dependent
export of intronless mRNA in the absence of splicing, in
which CAR and the consensus CAR-E could eventually re-
cruit mRNA export machinery (12,13). However, the pro-
teins that bind to CAR-E to initiate TREX recruitment
have not been identified. A later study reported that a sub-
element in PRE can enhance intronless mRNA export by re-
cruiting TREX via ZC3H18 (22). Most recently, sequences
featuring G/C-rich, 5'-biased, and m6A-modified regions
have been reported to promote NXF1/TAP-dependent ex-
port of intronless RNAs (57). In this study, we identified
SRSF1 and SRSF7 as trans factors vital to NKILA export
that were recruited by the cluster of binding sites of these
two proteins in CAR-N. Together, SRSF1 and SRSF7 fa-
cilitate TREX recruitment by interacting with UAP56 and
ALYREF to promote NKILA export via the TREX-TAP
pathway (proposed model in Figure 9). Thus, the data from
this study provide direct and solid evidence to support the
model of sequence-dependent RNA export.

With the evidence accumulated so far, this model can be
further extended to sequence-dependent RNA localization
in several ways. (i) Sequence-dependent RNA export: CARs
and the consensus element CAR-E are vital for the export
of intronless HSPB3, IFNB1, IFN«1 and ¢c-JUN transcripts
in humans (12,13). Recently, 5'-biased regions have been re-



ported to play a significant role in export of single exon tran-
scripts, including the intronless IncRNA, NORAD (57).
More interestingly, independent verification of the correla-
tion of CAR-E and export supported its function in nuclear
export and even implied the involvement of such motifs in
the export of spliced RNAs (57). (ii) Sequence-dependent
RNA retention in the nucleus: our previous study of the
nuclear retention of spliced IncRNA MEGS3 revealed an
NRE of ~350 nt interacting with the Ul snRNP compo-
nents SNRPA, SNRNP70, and SNRPD?2 to retain MEG?3
in the nucleus, and the removal of the NRE or depletion
of these proteins both led to cytoplasmic localization of
MEG3 (27). A specific motif or region was mapped for the
nuclear retention of spliced IncRNA BORG and FIRRE
(29,30). The localization of intronless IncRNA MALATI1
to nuclear speckles depends on two separate regions of 1 kb
and 600 nt in MALATI, which can interact with RNPSI to
facilitate its localization (58). In future studies, it will be of
interest to investigate whether such sequences share consen-
sus motifs and the trans factors recruited.
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