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ABSTRACT

Nuclear export of messenger ribonucleoproteins
(mRNPs) through the nuclear pore complex (NPC)
can be roughly classified into two forms: bulk and
specific export, involving an nuclear RNA export fac-
tor 1 (NXF1)-dependent pathway and chromosome
region maintenance 1 (CRM1)-dependent pathway,
respectively. SUN proteins constitute the inner nu-
clear envelope component of the linker of nucle-
oskeleton and cytoskeleton (LINC) complex. Here,
we show that mammalian cells require SUN1 for effi-
cient nuclear mRNP export. The results indicate that
both SUN1 and SUN2 interact with heterogeneous
nuclear ribonucleoprotein (hnRNP) F/H and hnRNP
K/J. SUN1 depletion inhibits the mRNP export, with
accumulations of both hnRNPs and poly(A)+RNA in
the nucleus. Leptomycin B treatment indicates that
SUN1 functions in mammalian mRNA export involv-
ing the NXF1-dependent pathway. SUN1 mediates
mRNA export through its association with mRNP
complexes via a direct interaction with NXF1. Ad-
ditionally, SUN1 associates with the NPC through a
direct interaction with Nup153, a nuclear pore com-
ponent involved in mRNA export. Taken together, our
results reveal that the inner nuclear envelope protein
SUN1 has additional functions aside from being a
central component of the LINC complex and that it
is an integral component of the mammalian mRNA
export pathway suggesting a model whereby SUN1
recruits NXF1-containing mRNP onto the nuclear en-
velope and hands it over to Nup153.

INTRODUCTION

In eukaryotic cells, the genome is physically separated from
the cytoplasm by the nuclear envelope (NE). The NE con-
tains a double membrane, the inner nuclear membrane
(INM) and the outer nuclear membrane (ONM) which dy-

namically fuse to create pores and the nuclear pore com-
plexes (NPCs) are embedded inside. mRNA transcription
takes place in the nucleus, while mRNA translation into
functional protein occurs in the cytoplasm. This spatial
problem is settled by the efficient mRNA export from the
nucleus into the cytoplasm (1-3).

mRNA export is a multi-stage process and can be di-
vided into three different stages: first, pre-mRNA is pack-
aged into an messenger ribonucleoprotein (mRNP) com-
plex after correct transcription and processing; second, the
mRNP targets and translocates through the central chan-
nel of the NPC; third, cytoplasmic fibrils release the mRINP
into the cytoplasm for translation (4). Transcription is the
first step of the mRNP formation. To support ongoing tran-
scription many factors such as proteins of the heteroge-
neous nuclear ribonucleoprotein (hnRNP) family bind to
the nascent mRNA transcripts produced by RNA poly-
merase II (5). In human cells, about 30 different hnRNPs
associate with pre-mRNAs in the nucleus. They affect mul-
tiple aspects of mRNA metabolism including the packaging
of nascent transcripts, alternative splicing, nucleocytoplas-
mic transport and translational regulation (6) and accom-
pany the mRNA at different stages during mRNP export
).

A crucial structure involved in mRNA export is the NPC
which has functions in selective material transport. In gen-
eral, the NPC channel is open for small molecules, like wa-
ter, sugar and ions, however, in case of larger molecules (5-
40 nm in diameter) such as proteins, rRNA and mRNP,
particular receptors are required for crossing the NPC (3).
Until now, there are two major transport receptors known
which are involved in two distinct mRNA export path-
ways: nuclear RNA export factor 1 (NXF1) (also known
as TAP) and chromosome region maintenance 1 (CRM1)
(also known as exportin 1). Based on this, mRNA export
can be roughly classified into two forms: bulk and specific
export (8). Most of the constitutively expressed mRNAs are
exported by the NXF1-dependent pathway (bulk export).
By contrast, special subsets of mRNAs, uridine-rich small
nuclear RNAs, rRNAs and signal recognition particle RNA
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are exported by the CRM 1-dependent pathway (specific ex-
port) (3).

The nucleus is physically linked to the cytoskeleton by the
linker of nucleoskeleton and cytoskeleton (LINC) complex.
It is composed of SUN (Sadl and UNC-84) domain pro-
teins in the INM and KASH (Klarsicht, ANC-1 and Syne
homology) domain proteins in the ONM. In the perinuclear
space, SUN and KASH domains directly interact with each
other to form a linker between the nucleo- and cytoskeleton
through the NE. This connection enables the LINC com-
plex to mediate the communication and force transduction
between nucleo- and cytoplasm (9,10). SUN1 and SUN2
are the most prominent SUN domain proteins in human.
They directly interact with the KASH domain-containing
nesprins as well as with lamin A and emerin (11-13). SUN1
proteins form highly immobile oligomeric complexes in the
nuclear envelope in interphase cells for which both perin-
uclear and nucleoplasmic segments of SUN1 are essential
(14).

Recently, it was reported that SUNT and SUN2 can act
as disease-modifier genes in individuals with co-segregating
mutations in other Emery-Dreifuss muscular dystrophy
genes (15,16). So far, they have not been involved in nuclear
mRNA export, however, it was shown that SUNT associates
with the NPC, whereby SUN1 but not SUN2 colocalizes
with the NPC and displays an importance for NPC assem-
bly in early interphase and for its distribution across the nu-
clear surface (14,17,18). In this study, we aim to discover
novel functions of SUN1 in mammalian cells aside from be-
ing a central component of the LINC complex. Thus, the
focus of this work is on the roles of SUN1 in mammalian
mRNA export.

MATERIALS AND METHODS
Cell culture

Human fibroblast and HeLa cells were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, penicillin and streptomycin (100
pg/ml), L-glutamine and non-essential amino acids at 37°C
with 5% CO,. Human fibroblast cells were transfected by
the CLB-Transfection™ System (Lonza) and HeLa cells
were transfected by Lipofectamine 2000 (Invitrogen™) ac-
cording to the manufacturer’s instructions. Transfected cells
were incubated for 24-48 h post-transfection.

Plasmids and site-directed mutagenesis

We used a plasmid carrying cDNA sequences encoding hu-
man SUNI full length (Green Fluorescent Protein (GFP)-
SUNI) (14) to produce the GFP-SUNI-NT (amino acid
residues 1-239) and Glutathione S Transferase (GST)-
SUNI-NT (residues 1-239) by Polymerase Chain Reaction
(PCR). The siRNA resistant (R) plasmid GFP-SUN1R was
generated using a site-directed mutagenesis kit (Promega).
GFP-SUN2 full length and GST-SUN2-NT (residues 1—
138) (19) were generated from SUN2-V5-His (14). All the
Nupl53 plasmids used in this study were kind gifts from
Prof Birthe Fahrenkrog (20). The pGEX-4T-NXF1 and
pET-9a-NXT]1 plasmids were kind gifts from Prof Stuart
A Wilson (21).
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Protein—protein interaction studies

Immunoprecipitation. Human fibroblasts were transfected
with GFP, GFP-SUN1 or GFP-SUN2 encoding plasmids.
The next day cells were scraped into lysis buffer (10 mM
Tris/HCI, pH 7.5, 50 mM NaCl, 0.5 mM EDTA, 0.5% NP-
40) supplemented with 1 mM DTT, Benzamidine, PMSF
and protease inhibitor cocktail (Roche), followed by sonica-
tion and centrifugation (16,000 g at 4°C for 10 min). Lysates
were precleared with protein A Sepharose (GE Healthcare)
for 1 h and then incubated with GFP-Trap beads (Chro-
motek) for 2 h at 4°C. Beads were pelleted at 1000 g, and
then washed several times with lysis buffer minus protease
inhibitors. Samples were heated in 5x sodium dodecylsul-
phate (SDS) sample buffer (95°C, 5 min) and analyzed us-
ing 12% sodium dodecylsulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by western blotting.

GST pulldown. Expression of recombinant GST-SUN2-
NT and GST-NXF1: NXT1 polypeptide was in Escherichia
colistrain XL1-Blue. GST-SUN1-NT and all GST-Nup153
polypeptides were produced in ArcticExpress RIL. Cells
were lysed and the fusion proteins were isolated as described
in (22). After several washing steps, the purified GST fusion
proteins were incubated with human fibroblast or HeLa to-
tal cell lysates (12,000 g, supernatant) for 1.5-3 h at 4°C.
GST alone was used as negative control. Beads coupled
with protein complexes were washed three times (500 g, 4°C,
1 min) with lysis buffer minus protease inhibitors (50 mM
Tris/HCI, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% Na-
deoxycholate) and heated in 5x SDS sample buffer (95°C,
5 min). Samples were analyzed using 12% SDS-PAGE fol-
lowed by western blotting.

Immunofluorescence analysis and antibodies used

Fixation of cultured cells grown on coverslips was with 4%
paraformaldehyde in phosphate buffered saline (PBS) for
15 min followed by permeabilization with 0.5% Triton X-
100 for 5 min for primary antibody staining. Alternatively,
cells were fixed in cold methanol (—20°C) for 10 min. The
following antibodies were used: rabbit monoclonal anti-
SUNI (Abcam), rabbit monoclonal anti-SUN2 (Abcam),
mouse monoclonal anti-hnRNP F/H (ImmuQuest), mouse
monoclonal anti-hnRNP K/J (ImmuQuest), rabbit poly-
clonal anti-Lamin Bl (Abcam), mouse monoclonal anti-
NXF1 (Abcam), mouse monoclonal anti-RUVBLI (Ab-
cam), mouse monoclonal anti-Nuclear Pore Complex Pro-
teins (mAb414) (Abcam), mouse monoclonal anti-Nup153
[QES] (Abcam), rabbit polyclonal anti-GANP (Bethyl Lab-
oratories) and mouse monoclonal anti-GAPDH—-POD
(Sigma). The secondary antibodies used were conjugated
with Alexa Fluor 488 and Alexa Fluor 568 (Molecular
Probes, Sigma). The samples were counterstained with
DAPI (Sigma) for DNA and mounted in gelvatol. Samples
were analyzed using confocal laser scanning microscopy
(TCS-SP5, Leica) or Leica Structured Illumination (inte-
gration of the OptiGrid® module, Leica research micro-
scopes and Leica MM AF software).
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RNAi

RNAi was performed as described (23). Allstars
negative control siRNA and SUNI1 siRNA (5'-
TTACCAGGTGCCTTCGAAA-3") were  purchased
from QIAGEN and Microsynth, respectively. 5x10° HeLa
cells were seeded in 24-well plate for immunofluorescence
analysis and 5x10* HeLa cells were seeded in 6-well plates
for western blot analysis. RNAI transfection was performed
at a final siRNA concentration of 20 nM per target gene
using transfection reagent (INTERFERin®, Polyplus)
according to the manufacturer’s protocol. Cells were either
fixed or harvested 72 h after transfection. For rescue ex-
periments, HeLa cells were transfected with GFP-SUN1R
expression vector by Lipofectamine® 2000 (Invitrogen)
after 24 h siRNA treatment. Cells were processed for
detection of poly(A)+RNA by in situ hybridization after
72-h siRNA treatment.

Subcellular fractionation

After RNAI transfection, Hela cells were processed for
subcellular fractionation as described (24). Low concen-
trations of NP-40 (0.1%) disrupt cytoplasmic, but not nu-
clear membranes and short centrifugation times allow in-
tact nuclei to come down leaving soluble cytosolic pro-
teins in the supernatant. Cells grown in 6-well plates were
washed, trypsinized and centrifuged in 1.5 ml centrifuge
tubes (1000 rpm, 5 min at 4°C). After removing the super-
natants, the cell pellets were resuspended in fractionation
buffer (0.1% NP-40 in PBS) and triturated five times using
a pl000 micropipette. Afterward, part of the lysate was re-
moved and kept as the ‘whole cell lysate.” The rest samples
were centrifuged with a table top microfuge (~10 s), and
then the supernatants were kept as the ‘cytosolic fraction.’
Next the pellets were washed with fractionation buffer once
and centrifuged as above. After removing the supernatants,
the pellets (referred to as nuclei) were resuspended in frac-
tionation buffer and designated as the ‘nuclear fraction.” Fi-
nally, the ‘whole cell lysates’ and the ‘nuclear fractions’ were
sonicated and heated along with the ‘cytosolic fraction’ at
95°C for 5 min. Samples were resolved by SDS-PAGE and
analyzed by western blotting with appropriate antibodies.

In situ hybridization and cell proliferation assay

HeLa cells were cultured and processed as described (25).
To localize poly(A)+RNA in HeLa cells, 5x 103 cells were
seeded in 24-well plates and fixed after 72-h RNAI trans-
fection. For leptomycin B (LMB) treatment, HeLa cells
were treated with LMB at a final concentration of 7 ng/ml
(37°C, 2 h) after 72-h RNAI transfection. After fixation with
4% paraformaldehyde, the cells were permeabilized by 0.2%
Triton X-100 in PBS. Then prehybridization was performed
by incubating the cells with prehybridization buffer (125
wg/ml tRNA, 0.5 mg/ml ssDNA, 1 mg/ml BSA, 50% for-
mamide, 1 mM vanadyl ribonucleoside complexes and 0.1
g/ml dextran sulfate in 1x SSC) at 37 °C for 1 h (in a tis-
sue culture incubator). Then the poly(A)+RNA was local-
ized by hybridization with 1 ng/pl of Cy3-conjugated Oligo
d(T)so probe (Gene Link, Inc.) in prehybridization buffer at
37°C for 2 h. After washing with SSC and PBS, the samples

were stained with DAPI and mounted with gelvatol. Images
were acquired using confocal laser scanning microscopy
(TCS-SPS, Leica) and processed with LAS AF Lite soft-
ware (Leica). The mean Cy3 intensity was determined for
the nuclear and cytoplasmic distribution of 500 individual
cells at each condition. Nuclear/cytoplasmic (N/C) ratios
were calculated and plotted on line graphs for the indicated
conditions. For cell proliferation assays, HeLa cells were
counted using a TC10™ Automated Cell Counter (Bio-
Rad) for viable cell number at each indicated time point fol-
lowing transfection with control or SUN1 siRNA.

Poly(A) + RNA isolation

1.5x107 HeLa cells were harvested for nuclear
poly(A)+RNA immunoprecipitation essentially as de-
scribed (26), except Dynabeads® Oligo (dT),s were used
instead of oligo(dT) cellulose. Briefly, the harvested HeLa
cell pellet was washed in 1 ml ice cold PBS and centrifuged
at 1000 rpm for 2 min. The pellet was suspended in 1
ml PBS homogenization buffer (137 mM NaCl, 3 mM
KCl, 8§ mM Na,HPO4 2 mM NaH,PO4, pH 7.2, 0.2%
NP-40 and 100 pg/ml PMSF) and homogenized using
a glass homogenizer (tight pestle). The nuclear fraction
was isolated after 10 min centrifugation (2000 g, 4°C).
After removing the supernatant (cytoplasmic fraction),
the pellet was lysed in 450 wl PBS lysis buffer (137 mM
NacCl, 3 mM KCl, 8§ mM Na,HPO4 2 mM NaH,PO,,
pH 7.2, 100 pg/ml PMSEF, 5 mM vanadyl ribonucleoside
complex and 0.2 U/l of RNasin from Promega) with
three times (5 s each) sonication and 10 min centrifugation
(2000 g, 4°C) afterward. The resulting supernatant was
the soluble nuclear extract. Then the Dynabeads® Oligo
(dT),s and 0.05% NP-40 were added and incubated with
nuclear extract for 45 min at 4°C with gentle rotation.
The poly(A)+RNA was isolated after washing the beads
thoroughly for three times (500 wl each) with PBS lysis
buffer plus 0.1% NP-40 by placing on the magnet at room
temperature. Samples were resolved by SDS-PAGE and
analyzed by western blotting with appropriate antibodies.

RESULTS
SUNI1 and SUN2 interact with hnRNP F/H and hnRNP K/J

The largest member of the SUN domain family, SUN1, con-
tains 8§12 amino acids corresponding to a molecular weight
of ~90 kD, while SUN2 contains 717 amino acids with a
molecular weight of ~80 kD (27). The SUN domain pro-
teins consist of an N-terminus, transmembrane, coiled- coil
and a SUN domain at the C-terminus located in the lumen
of the NE (Figure 1A). The N-terminus of SUN domain
protein associates with the nucleoskeleton by interactions
with A-type lamins, chromatin-binding proteins and other
nuclear proteins.

In a previous study, in order to further understand the
role of SUN proteins, we screened for SUN interacting pro-
teins by applying pulldown experiment and LC-MS anal-
ysis (19). Among the proteins identified were hnRNPs,
like hnRNP F/H and hnRNP K/J. The hnRNP F/H are
well-known for their functions in the regulation of al-
ternative splicing, and the hnRNP K, one of the shut-
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Figure 1. Interaction and colocalization of SUN1 and SUN2 with hnRNPs. (A) Schematic of the full length and the N-termini of SUNI1 and SUN2 used
in this study. Transmembrane, coiled-coil and SUN domain are shown. (B) Western blot analysis of Co-IP and pulldown between SUN1 and SUN2 with
hnRNPs. For Co-IP, lysates from human fibroblasts expressing GFP alone, GFP-SUNI or GFP-SUN2 were immunoprecipitated by using GFP-Trap
beads and detected by GFP monoclonal antibodies. For pulldown experiment, GST, GST-SUNI-NT and GST-SUN2-NT were used and visualized by
Ponceau S staining. The proteins were separated by SDS-PAGE (12% acrylamide) and the interactions were detected by hnRNP F/H and hnRNP K/J
antibodies. (C) Colocalization of endogenous SUN1 and SUN2 with hnRNP F/H or hnRNP K/J. HeLa cells were stained with appropriate antibodies
and analyzed by confocal microscopy. Bar: 5 pm.
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tling hnRNPs, plays an important role in many aspects of
mRNA metabolism, including mRNA silencing, transcrip-
tion, splicing, regulation of mRNA stability and translation
(6,7).

To confirm the interactions between SUN1/2 and hn-
RNPs, we performed co-immunoprecipitation (Co-IP) and
pulldown experiments. For the Co-IP studies, wild-type fi-
broblasts were transfected with GFP, GFP-SUN1 or GFP-
SUN2 and immunoprecipitated by GFP-Trap beads. For
pulldown assays, GST tagged N-termini of SUNI (residues
1-239) and SUN2 (residues 1-138) (Figure 1A) were di-
rectly incubated with the cell lysates and GST alone was
used as negative control. All samples were subjected to west-
ern blot analysis and probed with appropriate antibodies.
Strong signals of hnRNP F/H and K/J were detected in
both experiments confirming that SUN1 and SUN2 inter-
acted with hnRNP F/H and hnRNP K/J, suggesting that
the N-termini of SUN proteins might be involved in mRNA
biogenesis according to the functions of hnRNP F/H and
hnRNP K/J and that SUN1 and SUN2 might interact with
hnRNP-mRNA complexes in vivo (Figure 1B). We further
examined the localization of the endogenous proteins by
immunofluorescence. Consistent with previous studies, hn-
RNP F/H and hnRNP K/J were shown mainly in the nu-
cleus and colocalized with both SUN1 and SUN2 along the
inner nuclear envelope, suggesting that SUN1 and SUN2
associate with hnRNPs on the NE and that they might play
a role in mRNA biogenesis at a late stage, such as mRNA
export (Figure 1C).

hnRNP F/H and hnRNP K accumulate in the nucleus upon
SUNT1 depletion

The hnRNP proteins accompany mRNA at different
stages during mRNA export (7). Before an mRNP (ma-
ture mRNA) translocates through the NPC, the nuclear-
restricted hnRNPs containing nuclear-retention signals
start to get released from the mRNP and stay in the nu-
cleus, whereas the shuttling hnRNPs will accompany the
mRNA through the NPC channel and into the cytoplasm
(4,7). Therefore, the shuttling hnRNPs become an impor-
tant marker reflecting the efficiency of mRNA export. One
such well-known shuttling hnRNP involved in our study is
hnRNP K (hnRNP F/H were unknown until now), which
interacts with both SUN1 and SUN2.

To confirm our hypothesis that SUN proteins are in-
volved in mRNA export, we performed siRNA-mediated
knockdown studies of SUNI. Immunofluorescence and
western blot analysis confirmed the efficient knockdown
of SUNI in HeLa cells (Figure 2A and B). Immunoflu-
orescence analysis by confocal microscopy of HeLa cells
showed strong NE staining for SUNI in control siRNA
cells and very weak staining in SUN1 siRNA cells (Fig-
ure 2A). Western blot analysis showed that SUN1 was ab-
sent from HeLa lysates after siRNA depletion (Figure 2B).
To test whether SUNI1 depletion influences the distribu-
tion of hnRNPs, we performed subcellular fractionation in
control and SUNI1 knockdown cells (Figure 2C). The re-
sults showed that SUNI was only observed in the whole
cell lysate and the nuclear fraction of control cells, but was
not detectable in SUN1 knockdown cells. Lamin Bl and

GAPDH were used as nuclear and cytosolic marker, respec-
tively. Interestingly, based on the levels of lamin Bl and
GAPDH, both hnRNP F/H and K appeared decreased in
the cytosolic fraction of SUNI knockdown cells and in-
creased in the nuclear fraction compared to control knock-
down cells (Figure 2C). These results indicate that, in the
absence of SUNI, the hnRNP F/H and hnRNP K accu-
mulate in the nucleus suggesting SUN1 depletion affects the
nucleocytoplasmic transport of the shuttling hnRNP pro-
tein hnRNP K, supposed to be a marker of mRNA export.

RNA fluorescence in situ hybridization reveals nuclear accu-
mulation of poly(A)+RNA in SUNI1 depleted cells

Our observation that hnRNP F/H and hnRNP K ac-
cumulates in the nucleus after SUNI depletion provides
a clue that SUN1 might participate in hnRNP-involved
mRNA export. To investigate this further, we examined
the cellular distribution of poly(A)+RNA in control and
SUNI1 siRNA cells via RNA fluorescence in situ hybridiza-
tion (FISH) with an oligo (dT) probe. In control cells,
most poly(A)+RNA was cytoplasmic, except for a few dis-
crete foci in the nucleus. In contrast, the SUNI1 siRNA
cells showed strong nuclear accumulation of poly(A)+RNA
(Figure 3A). These results indicate that the poly(A)+RNA
distribution is altered in SUNI1 depleted cells, whereby
poly(A)+RNA strongly accumulated in SUN1 depleted nu-
clei compared to control. Further, rescue of the mRNA
export defect was performed by expressing a GFP-tagged
siRNA-resistant (R) SUN1 cDNA (GFP-SUNIR) under
siRNA treatment condition. We found that the expression
of GFP-SUNIR with SUN1 siRNA partially rescued the
mRNA export defect confirming that the SUN1 knock-
down phenotype was not due to an off-target effect (Fig-
ure 3A). Importantly, the nuclear export of the shuttling
proteins BRCAT (28) and c-Fos (29) took place in the ab-
sence of SUNI (Supplementary Figure S1), demonstrating
that NPCs were functional for bidirectional transport of
protein—cargo complexes in SUN1-depleted cells. Consis-
tent with these results, the SUN1 depletion also caused a de-
fect in cell proliferation. At 24- and 48-h post-transfection,
the knockdown cells showed no defect in cell proliferation
and were comparable with control siRNA transfected cells.
However, significant defects were seen at 72 and 96 h after
SUNI1 depletion with a reduction to 86 and 83%, respec-
tively (Figure 3B). Our results indicate that SUN1 depletion
results in a defect of mRNA export and cell proliferation
concluding that SUNI contributes to the efficient nuclear
export of mRNA.

SUNT1 functions in the NXF1-dependent mRNA export

Recently two pathways, the NXF1-dependent pathway and
CRMI-dependent pathway, were characterized in mam-
malian mRNA export (8). Next we asked which mRNAs re-
quire SUNI for export and in which export pathway SUN1
is involved. To answer these questions, we used LMB to
block the CRMI1-dependent export under RNAi condi-
tion and compared the distribution of poly(A)+RNA in
both LMB untreated and treated cells (Figure 4A). For
each trial, the N/C ratio of the poly(A)+RNA distribu-
tion was determined by measuring fluorescence intensity.
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Figure 2. SUNI depletion results in nuclear accumulation of hnRNPs. (A) Immunofluorescence analysis of HeLa cells treated with control and SUNI
siRNA and stained with SUNT1 antibodies. Nuclei are indicated by DAPI staining. Bar: 10 pm. (B) Western blot analysis of SUN1 expression levels in
control and SUN1 siRNA cells. GAPDH was used as loading control. (C) Separation of nuclear and cytoplasmic proteins by subcellular fractionation in
control and SUN1 knockdown cells. Lamin Bl and GAPDH were used as nuclear and cytosolic markers, respectively.

Without LMB treatment, the N/C ratios of the control cells
are centered at the range (0.9-1.3) with a mean value of
~1.15 which is similar as previously reported in HeLa con-
trol cells (25). Interestingly, the N/C ratios of most SUN1
siRNA cells are centered at the range of (1.3-1.7) with a
mean value of ~1.63 reflecting higher nuclear accumula-
tion of poly(A)+RNA (Figure 4B and C). After treatment
with 7 ng/ml of LMB, the N/C ratios of both control- and
SUNI siRNA-transfected cells were significantly shifted to
(1.3-1.7) and (1.7-2.1) with an increased mean value up to
~1.56 and ~1.84, respectively (Figure 4B and C). In con-
trol cells, the increase of the N/C ratio after LMB treatment
revealed that the drug treatment worked under our experi-
mental condition. Most strikingly, in SUN1 siRNA cells,
the shift of the N/C ratio range and the increase of the mean
value indicates that LMB treatment can cause additional
nuclear accumulation of poly(A)+RNA above that caused
by SUNI depletion. Form these results we conclude that

in SUNI knockdown cells there exists a CRM1-dependent
and a CRM 1-independent pathway which in turn suggests
that SUN1 might participate in the NXF1-dependent path-
way.

SUNTI associates with nuclear mRNP through a direct inter-
action with NXF1, a general mRNA export factor in mam-
mals

In higher eukaryotes, NXF proteins exist as a protein family
due to the amplification of Nxf genes. The best known NXF
protein is NXF1 (Mex67p in yeast) which directly interacts
with mRNA (30) and has an essential role in bulk mRNA
export as a heterodimer with NXT1 (31,32). In eukary-
otic cells, the formation of the mRNP complex is the first
step of mRNA export (4). To test whether SUNI is associ-
ated with mRNP, we harvested the nuclear poly(A)+RNPs
from mammalian nuclei with Dynabeads® Oligo (dT)as.
Endogenous SUNI1 specifically copurified with the poly(A)
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fraction as did NXF1 (Figure SA). Moreover, hnRNP K,
hnRNP H and a reduced amount of hnRNP J and hn-
RNP F were also observed in the poly(A) fraction, but
not RUVBLI which we used for control (Figure 5SA). RU-
VBL1 is a AAA+ protease linked to a wide range of cellu-
lar processes and present in cellular complexes like the his-
tone acetyltransferase Tip60 complex, chromatin remodel-
ing complexes Ino80 and SWR-C, and the telomerase com-
plex. Taken together, our results indicate that SUNI1 as-
sociates with NXF1-containing nuclear mRNPs, either di-
rectly or indirectly through other proteins.

NXFI is a general metazoan mRNA export factor to
transport the mRNP through the NPC (33). In order to
find out how SUNI associates with the mRNP and func-
tions in the NXF1-dependent pathway, we performed sev-
eral studies. Endogenous NXF1 was pulled down from
HeLa cell lysates by GST-SUN1-NT (Figure 1A and 5B).
Consistently, endogenous SUN1 was precipitated by GST-
tagged full-length NXF1:NXT1 as well (Figure 5C). GST
was used as negative control. A direct interaction study be-
tween NXF1:NXT1 and GST-SUNI-NT was performed by
pulldown of NXF1:NXT1 which was released from GST
by thrombin. NXF1 was detected by NXF1 antibodies in
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the GST-SUNI-NT precipitate (Figure SD). These results
indicate that SUNI interacts directly with NXF1 in vitro
and the N-terminus of SUNI is responsible for this inter-
action. Further, immunofluorescence studies showed that
NXF1 uniformly localized in the nucleus of GFP- and
GFP-SUNI-overexpressing cells (Figure SE; panel 1, 2).
GFP-SUNI localized along the NE as previously reported
(15). By contrast, overexpressed GFP-SUN1-NT was not
localized at the NE; instead, it formed aggregate-like struc-
tures within and outside the nucleus which were also posi-
tive for NXF1 (Figure SE; panel 3, 4). The nuclear staining
of NXF1 was reduced and only faint staining was seen in
the nucleus as compared to untransfected cells (Figure 5E;
panel 3). The same experiment was performed for hnRNP
F/H and hnRNP K/J as well, however, the GFP-SUN1-NT
distribution did not affect the localization of these hnRNPs
(data not shown). These results indicate that SUN1 presum-
ably associates with mRNP cargo through a direct inter-
action with NXF1 which is recruited to the mRNP cargo
in the nucleus prior to export, and that the N-terminus of
SUNI (residues 1-239) is essential for this connection.

Moreover, transcription-export (TREX) complex and
TREX-2 have important roles in the early stages of nuclear
mRNA export (34). One component of TREX-2 is the ger-
minal centre-associated nuclear protein (GANP) which acts
as a courier to collect and deliver the NXF1-containing
mRNPs to the NPC (26). In pull down experiments we
found that GST-SUNI1-NT interacted with GANP (Fig-
ure 5F), indicating that the mRNP cargo presumably is de-
livered to SUN1 by GANP and then handed over to the
NPC.

SUNT associates with the NPC through a direct interaction
with Nup153, a nuclear FG nucleoporin at the NPC basket
involved in mRINA export

The second step in mRNA export is the mRNP target-
ing and translocation through the central channel of the
NPC. Our observation that SUNI interacts directly with
NXF1, which occurs at the NE, suggests a role for SUNI in
mammalian mRNA export whereby SUN1 recruits NXF1-
containing mRNP onto the NE and hands it over to the
NPC. One precondition of this hypothesis is that SUN1
should colocalize with NPCs. This was evidenced by im-
munofluorescence microscopy using antibodies against the
endogenous proteins (Figure 6A).

Furthermore, previous reports highlighting the associa-
tion of SUN1 and NPC revealed that SUNI is important
for NPC assembly in early steps in interphase and for its
distribution across the nuclear surface (17,18), but there is
no evidence related to SUN1 and NPC-mediated mRNA
export. To further confirm the association between SUN1
and NPC, we performed pulldown experiments. Western
blot analysis showed that endogenous Nup62, Nup153 and
a faint band of Nup214 were observed in GST-SUN1-NT
precipitates as revealed by using mAb414 antibodies (Fig-
ure 6B). This result indicates that SUN1 associates with the
NPC via either a direct or indirect interaction with a subset
of nucleoporins, such as Nup62, Nup153 and Nup214.

To date, apart from vertebrate pore proteins Nup9S,
Nup133, Nupl60, Tpr and CAN/Nup214, Nupl53 has
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been involved in the export of mRNA (35-38). Moreover,
compared to Nup62 and Nup214, GST-SUNI1-NT showed
a preference for Nup153, given that there was much lower
amount of Nupl53 present in the lysates (Figure 6B). Thus,
we extended our interaction studies to SUN1 and Nup153.
According to the domain structure of Nup153, we used a se-
ries of plasmids which coded for the N-terminus, Zinc finger
and C-terminus of Nup153 for pulldown study (Figure 6C).
Endogenous SUN1 was precipitated by all GST fusion pro-
teins which contain either N-terminal or C-terminal se-
quences, but not by the Zinc finger alone (Figure 6D). This
result indicates that Nup153 interacts with SUN1, and that
both the N- and the C-terminus are important for this bind-
ing. Further, a direct interaction study between Nup153 and
GST-SUNI-NT was performed by pulldown using PreScis-
sion protease cleaved purified Nup153-Zn+C fragment. A
strong signal of Nupl153-Zn+C was detected by Nupl53
antibodies in the GST-SUNI1-NT precipitates (Figure 6E).
GST alone was used as negative control. Therefore, SUNI
associates with the NPC through Nupl53, which is a nu-
clear FG nucleoporin at the NPC basket and plays an im-
portant role in mRNA export.

DISCUSSION

It is well-known that SUNT is the INM component of the
LINC complex and has important roles related to the LINC
complex. In this study, we show that SUNI has a novel
function in mammalian mRNA export aside from its role
in the LINC complex. Our results showed that the SUN
proteins interact and colocalize with hnRNP F/H and hn-
RNP K/J, and SUNI1 depletion results in the nuclear accu-
mulation of these hnRNPs (Figures 1 and 2C). This interac-
tion occurs at the N termini of SUN1 and SUN2 (Figure 1).
Based on the altered nucleocytoplasmic distributions of hn-
RNP F/H and hnRNP K in SUN1-depleted cells, we pro-
pose that SUN1 contributes to the nucleocytoplasmic shut-
tling of hnRNP K which we now suggest to be a marker
of mRNA export. Besides, lamin A/C, an interaction part-
ner of SUN1, was reported to interact with hnRNP E1 (39),
another well-known shuttling hnRNP protein (40,41), sug-
gesting that SUNIT might play a role in hnRNP-involved
mRNA export via either direct or indirect interactions.
The TREX complex, an important component of the
mRNA export machinery, is formed by the association
of the THO complex with six subunits (UAP56, CIP29,
CHTOP, PDIP3, ZC11A and UIF) (34) and the depletion
of some TREX component, such as ALY (also known as
THOC4) (42) and UIF (21), results in the nuclear accumula-
tion of mRNA. Similarly, the deletion of any TREX-2 sub-
units (Sac3, Thpl, Cdc31, Susl and Sem1) in yeast results
in mRNA export defects (43-47) and the depletion of most
TREX-2 subunits (GANP, PCID2, CETN2, ENY2 and
DSS1) in human results in nuclear accumulation of mRNA
as well (26,48). Our FISH results reveal that SUNT1 deple-
tion results in the nuclear accumulation of poly(A)+RNA
indicating that SUNT might be a so far unknown part of the
mRNA export machinery (Figure 3A). Although Sunl =/~
mice showed no apparent pathologies expect for infertility
(49), cell proliferation analysis showed a reduced cell growth
of SUN1 knockdown HeLa cells (Figure 3B). One explana-
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tion could be that there are other proteins (such as SUN2)
or export pathways (such as membrane budding) (50) com-
pensating for the SUN1-involved mRNA export pathway in
the mice.

LMB is a well-known inhibitor of CRM1 which can di-
rectly block the CRM1-dependent pathway (51,52). LM B-
treated SUN1 depleted cells showed an additive accumu-
lation of nuclear poly(A)+RNA (Figure 4), indicating that
SUNI functions in mRNA export required by the NXF1-
dependent pathway. It was known that the TREX compo-
nent UIF (21) and the TREX-2 component GANP (26)
both interact with NXF1. In our study we also reported

that SUNI1 is associated with nuclear mRNPs through a
direct interaction with NXF1 and that the N terminal of
SUNI is essential for this interaction (Figure SA-D). This
strongly supports our hypothesis that SUN1 contributes to
the NXF1-dependent pathway. Compared to GFP-SUNI,
overexpressed GFP-SUN1-NT accumulates NXF1 within
and outside the nucleus (Figure SE). Whereas overexpressed
GFP-SUNT still localizes at the NE and can transfer the
NXFI-containing mRNPs to the NPC for export, the over-
expressed GFP-SUNI1-NT does not localize at the NE. In-
stead it forms aggregate-like structures within and outside
the nucleus. Since these structures are far away from the
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NPC, the NXF1 (or NXF1-containing mRNPs) cannot be
transferred to the NPC for export, leading to the accumu-
lation of NXF1 along with GFP-SUN1-NT. TREX com-
ponents are involved in the release of spliced mRNA from
nuclear speckle domains, and the depletion of some ex-
port factors, such as ALY, results in poly(A)+RNA accu-
mulation in nuclear speckle domains (42). By contrast, the
depletion of other export factors, such as GANP, causes
the poly(A)+RNA accumulation in more punctuate foci
(26,34). In our study, the poly(A)+RNA accumulation due
to SUN1 depletion is more close to punctuate foci similar to
the effect of GANP depletion, suggesting that the function
of SUN1 in mRNA export might be related to GANP. In-
deed, this relation of SUN1 with GANP exists as the N ter-
minus of SUNIT interacts with GANP in vitro (Figure S5F).

Consistent with our previous study, SUNI showed
puncta staining and colocalized with the NPC at the nu-
clear surface which provides the possibility of SUN1 func-
tions in mRNA export (Figure 6A) (14). The association
of TREX-2 with the NPC requires the basket nucleoporins
Nup153 and Tpr (53). Our pulldown study showed that the
N terminus of SUNI interacts with Nup62, Nupl153 and
Nup214, and displays a preference for Nup153 (Figure 6B).
Similarly, GANP interacts with Nup153 and Nup358 but
not Nup62 (26), suggesting that Nup153 might be the cru-
cial connection between mRNP and the NPC at a late stage
of mRNA export. Thus, there should be some relations
between mRNP and Nupl53. Indeed, these relations ex-
ist. Nup153 is able to recognize two parts of the mRNP, a
single-stranded stretch of mRNA and the mRNA export re-
ceptor NXF1 which interacts with the C-terminal region of
Nup153 (40). Importantly, we also revealed that the N ter-
minus of SUNT directly interacts with Nup153 (Figure 6D
and E), further confirming our hypothesis that SUN1 hands
over the NXF1-containing mRNPs to the NPC component
Nupl53.

Taken together, mRNA is transcribed by RNA poly-
merase 11, packaged into pre-mRNP by hnRNPs and other
RNA-binding proteins, then spliced and processed to form
mature mRNA (mRNP). The mRNP is labeled by NXF1
in the nucleus and recruited onto the NE by the INM pro-
tein SUNI. Prior to the export from the NPC, the nuclear
restricted hnRNPs and some RNA binding proteins are re-
leased from the mRNP complex and stay in the nucleus,
whereas the shuttling hnRNPs accompany the mRNA into
the cytoplasm. Finally, SUN1 hands over the mRNP to the
NPC component Nupl53, which most likely translocates
the mRNP cargo through the NPC either directly by itself
or indirectly together with other proteins. This is consistent
with a model for SUNI1 functions in mammalian mRNA
export whereby SUNI, acting as a docking point, recruits
NXF1-containing mRNP onto the NE, and hands it over
to the NPC component Nup153, which enables the nuclear
mRNA export to be performed systematically (Figure 7).

Our data suggest that the functional significance of the
interactions between SUN1 and the mRNA export ma-
chinery lies in the recognition of mRNPs and their con-
centration onto the NE for efficient mRNA export. Ad-
ditionally, the LINC complex plays an important role in
mechanosignaling and a crosstalk between both sides of
the NE (9,10,54). Nesprins-1 and -2, the ONM components

of the LINC complex, contain an actin-binding domain at
the N-terminus, enabling them to interact with cytoplasmic
actin filaments for mediating the association with cytoskele-
ton (55,56). This opens new avenues for investigations since
it leads to the intriguing possibility that the assembly and
disassembly of actin filaments might cause a movement of
the LINC complex which in turn enhances SUN1 handing
over the mRNP to Nupl153.
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