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ABSTRACT

Viral RNA elements that facilitate mRNA export are
useful tools for identifying cellular RNA export fac-
tors. Here we show that hepatitis B virus post-
transcriptional element (PRE) is one such element,
and using PRE several new cellular mRNA export
factors were identified. We found that PRE dras-
tically enhances the cytoplasmic accumulation of
cDNA transcripts independent of any viral protein.
Systematic deletion analysis revealed the existence
of a 116 nt functional Sub-Element of PRE (SEP1).
The RNP that forms on the SEP1 RNA was affin-
ity purified, in which TREX components as well as
several other proteins were identified. TREX com-
ponents and the SEP1-associating protein ZC3H18
are required for SEP1-mediated mRNA export. Signif-
icantly, ZC3H18 directly binds to the SEP1 RNA, inter-
acts with TREX and is required for stable association
of TREX with the SEP1-containing mRNA. Require-
ments for SEP1-mediated mRNA export are similar to
those for splicing-dependent mRNA export. Consis-
tent with these similarities, several SEP1-interacting
proteins, including ZC3H18, ARS2, Acinus and Brr2,
are required for efficient nuclear export of polyA
RNAs. Together, our data indicate that SEP1 en-
hances mRNA export by recruiting TREX via ZC3H18.
The new mRNA export factors that we identified
might be involved in cap- and splicing-dependent
TREX recruitment to cellular mRNAs.

INTRODUCTION

mRNA export is a critical step in eukaryotic gene ex-
pression. It mainly occurs via specific interactions be-
tween the mRNA export receptor, known as TAP/P15,
and the mRNA export adaptors, Aly and Thoc5, which
are components of the TREX complex (TREX) (1,2). Ex-
cept for Aly and Thoc5, the human TREX also contains
UAP56/URH49 as well as the five other components of the
six-subunit THO complex (Thocl, Thoc2, Thoc5, Thoco6,
Thoc7 and Tex1) (3,4). Both formation and function of
TREX are conserved from yeast, drosophila to humans.
Aly and UAP56/URH49 are conserved in all of these three
species. Although the drosophila THO complex is highly
similar to its human counterpart, the yeast THO complex is
formed by five subunits, including Tho2, Hpr1, Tex1 as well
as two proteins, Thp2 and Mftl, which do not have appar-
ent human and drosophila homologues (3,5-7). In recent
years, in addition to Aly, UAP56/URH49 and THO, in-
creasing number of human TREX components have been
reported, and these components also play important roles
in mRNA export (8-10).

Prior to nuclear export, pre-mRNAs undergo multiple
RNA processing steps. These steps include capping at the 5’
end, splicing to remove introns, and polyadenylation at the
3’ end. mRNA export is physically and functionally coupled
to these processing steps probably via protein—protein inter-
actions between mRNA export factors and components of
mRNA processing machineries. This coupling on one hand
maintains the high efficiency of mRNA export, and on the
other hand may ensure that only fully processed mRNA
can be exported to the cytoplasm for translation into pro-
teins. In higher eukaryotes, most genes contain multiple in-
trons, and TREX is recruited during a late step of splic-
ing (3). Splicing significantly enhances TREX recruitment
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and mRNA export (3,11,12). The underlying mechanism
most likely involves factors that are present in the spliceo-
some and/or spliced messenger ribonucleoprotein particle
(spliced mRNP) and function in recruitment/stabilization
of TREX on the mRNA. However, these factors remain to
be identified.

Studies on viral mRNA export have made important
contributions to understanding the mechanisms for cellu-
lar RNA export. To maximize the production of viral pro-
teins, several viruses have evolved proteins and/or cis-acting
RNA elements that specifically recruit cellular mRNA ex-
port factors for exporting viral mRNAs. Efforts to iden-
tify the cellular targets of these viral proteins and RNA
elements have led to the identification of Crm1 and TAP
as essential human nuclear export factors (13-15). Hepati-
tis B virus (HBV) encodes several intronless viral mRNAs.
Expression of viral intronless mRNAs that encode surface
proteins is dependent upon an RNA element named post-
transcriptional regulatory element (PRE) (16). PRE was
initially discovered by two groups in the early 1990’s (16—
18). Subsequently, it was found that in the absence of PRE,
viral mRNAs that encode surface proteins are degraded in
the nucleus (17). Based on these data, it was proposed that
PRE might function in nuclear export of these viral mR-
NAs (17). Consistent with this, PRE has been shown to pro-
mote the expression of cDNA transcripts in the absence of
any viral protein (18). The function of PRE is not inhibited
by the Crm1 inhibitor leptomycin B, indicating that PRE
uses a Crml-independent pathway (19). A previous study
showed that overexpression of the VSV M protein blocks
PRE-dependent protein expression but not tRNA export
(19,20). These data indicate that the export pathway uti-
lized by PRE is also distinct from that of tRNA. Finally,
PRE is thought to use a different pathway from the Mason—
Pfizer monkey virus CTE element, which enhances mRNA
export by directly recruiting the cellular mRNA export re-
ceptor TAP (15,19,21). Thus, currently, the nuclear export
pathway that is used by PRE remains unclear.

PRE functions in the absence of any viral proteins, indi-
cating that some cellular protein(s) that are specifically re-
cruited by PRE are important for its function (18). Stud-
ies to identify these cellular proteins led to the discovery
of three proteins, glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), PTB and the La protein (22-24). Nev-
ertheless, evidence for these proteins functioning in PRE-
dependent mRNA export is still lacking, and the functional
PRE-interacting proteins remain to be identified. Consid-
ering that PRE is able to functionally substitute for introns
in supporting the efficient expression of cDNA transcripts,
identification of these functional PRE-interacting proteins
may provide insights into the mechanism(s) by which splic-
ing facilitates mRNA export.

In this study, we found that PRE promotes the nuclear
export of cDNA transcripts via specifically and efficiently
recruiting TREX. Our data demonstrate that the zinc fin-
ger protein ZC3H]18 directly binds to the SEP1 RNA (Sub-
Element of PRE), interacts with the TREX component
Thoc2 and functions in SEP1-mediated TREX recruitment
and mRNA export. Among the SEP1-associating proteins,
we identified multiple new cellular mRNA export factors,
including ZC3H18, a component of the nuclear cap-binding

complex (CBC) named ARS2, a component of the exon-
junction complex (EJC) named Acinus, and the U5 snRNP
component, Brr2.

MATERIALS AND METHODS
Plasmids and antibodies

To make the wG and ¢G constructs, the human B-globin
gene with or without introns was inserted into the Kpnl and
EcoRV site of pcDNA3. To construct the cG-PRE and ¢G-
rPRE plasmids, the HBV PRE sequence (nucleotides 1239—
1805 in the HBV genome) and its reverse complement se-
quence was amplified by polymerase chain reaction (PCR)
and inserted to Notl and Xbal sites of the ¢cG construct,
respectively. To construct the truncated PRE plasmids, dif-
ferent PRE fragments were amplified by PCR and inserted
into the Notl and Xbal sites of the cG construct. To con-
struct the wS and cS plasmids, three exons of the Xenopus
laevis Smad gene with or without AAML introns were am-
plified using PCR and inserted into the Kpnl-EcoRV site of
pcDNA3. The PRE sequence was inserted into the No¢I and
Xbal sites of ¢S to make the cS-PRE construct. The SEP1
sequence (nucleotides 1590-1705) and its reverse comple-
ment sequence (rSEP1) were inserted into the HindIII and
Kpnl sites of pcDNA3 plasmid to make the constructs used
for in vitro transcription and RNP IP. For MS2-MBP purifi-
cation, three MS2 binding site sequences were inserted into
the 3’ of SEP1 and rSEP1 in pcDNA3 (EcoRI-Xbal site). To
construct the GST-ZC3H18-zinc finger plasmid (GST-Z-
ZD), nucleotides 1-792 were amplified and inserted into the
EcoRI-Xhol sites of plasmid pGEX 6P1. To make the PRE
construct for co-injection experiment, the PRE sequence
was inserted into the HindIIl and Kpnl sites of pcDNA3.
The plasmid encoding tRNA (pSUPER-tRNA) and the
MS2-MBP plasmid were described previously (12,25). An-
tibodies against Thoc2, ThocS5, UAPS56, Aly, CBP80 and
elF4A3 were described previously (4). The negative control
antibody used for IPs was against fSAP130. The GAPDH,
tubulin, Flag and SC35 antibodies were purchased from
Sigma. The Brr2 and ZC3H18 antibodies were purchased
from Abnova.

Cell culture and RNAi

HeLa cells were cultured in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal bovine serum
(Biochrom). For shRNA-mediated knockdown, pLKO.1
plasmid inserted with DNA oligonucleotide encoding
shRNA, psPAX2 plasmid and pMD 2.G plasmid was in-
troduced into 293 FT cells. The media containing viruses
were harvested after 48 h and added to HeLa cells. After an-
other 24 h, 2 pg/ml puromycin was added to the medium.
Seventy-two hours later, cells were used for transfection.
Cells were harvested for fluorescence in situ hybridization
(FISH), western and RT-PCR analyses 24 h after transfec-
tion. The shRNAs targeting sequences are shown in Sup-
plementary Table S1. To knock down UAP56/URH49, the
UAPS6 and URH49 siRNA described previously were used
(26). The siRNAs targeting sequences are also shown in
Supplementary Table S1.



FISH and immunofluorescence

For FISH and immunofluorescence, HeLa cells were plated
on fibronectin coated coverslip bottom of 35 mm dishes.
To detect the RNAs transcribed by transfecting the globin
or Smad reporter constructs, a high-performance liquid
chromatography-purified Alexa 548 conjugated 70 nt probe
that hybridizes to pcDNA3 vector sequence (vector probe)
was used.To detect the Smad mRNA co-injected with
tRNA or PRE, Smad probe that hybridizes to a region of
Smad mRNA was used (26). HeLa cells were transfected
with plasmids (1 ng) and fixed with 4% paraformaldehyde
for 15 min 24 h post-transfection. Cells were washed with
1 x phosphate buffered saline (PBS) for three times and per-
meabilized with 0.1% Triton in PBS for 15 min. Cells were
washed with 50% formamide twice and incubated at 37°C
with FISH probes for 16 h. Cells were then washed with 50%
formamide in 1 x saline-sodium citrate buffer (SSC) for four
times, and images were captured with an EM-CCD cam-
era on an inverted microscope (Olympus). To detect polyA
RNAs, FISH was performed as previously described us-
ing a HPLC-purified Alexa 548 conjugated oligo dT (70)
probe (26). To carry out immunofluorescence, 4% PFA fixed
cells were incubated with the SC35 antibody 1:200 diluted
in blocking buffer (1x PBS, 0.1% Triton, 2 mg/ml bovine
serum albumin) for 30 min at the room temperature. Cells
were then washed three times with PBS for 5 min each and
incubated with the Alexa-488 labeled anti-mouse antibody
1:2000 diluted in blocking buffer for another 30 min at the
room temperature, followed by DAPI staining and three
washes in PBS for 10 min each. To quantify the FISH im-
ages, the area (Aw), the average signal intensity of the whole
cell (Iw) of each transfected cell, the area (Ay) and the av-
erage signal intensity of the nucleus (/n) of each transfected
cell were determined using the Image J software. The back-
ground intensity (lwp for whole cell, and Ing for nucleus)
was determined using an un-transfected cell, and the whole
cell signal (W) was equal to Aw (Iw—Iwg). Similarly, the
nuclear signal (N) was equal to Ax (In—InB), and the cy-
toplasmic signal (C) was equal to W—N. The ratio of the
cytoplasmic/nuclear fluorescence signal (C/N ratio) was
equal to (W—N)/N.

RNP purification

32P Jabeled PRE-SEP1 and rSEP1 RNAs (2 p.g) were incu-
bated with 4 wg of purified MS2-MBP protein on ice for 30
min. Splicing dilution buffer (172 pl; 20 mM HEPES, pH
7.6 and 100 mM KCIl) was added, and incubation was con-
tinued for another 20 min. The mixture was then added to
2.4 ml of standard splicing reaction and incubated at 30°C
for 1 h. RNPs that assembled on the SEP1 and rSEP1 RNAs
were isolated by gel filtration on a 1.5 cm/50 cm Sephacryl
S-500 gel filtration column with a flow rate of 0.1 ml/min
(GE Healthcare). The fractions containing the RNPs were
collected and affinity purified using amylase resin (27,28),
and the purified RNPs were separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and silver stained.
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RNA immunoprecipitations

RNA IP was carried out as previously described (11). 3*P
labeled RNAs were incubated with HelLa nuclear extract
for 60 min under standard splicing condition. Five micro-
liters of splicing reaction was mixed with 100 wl of binding
buffer (20 mM Hepes at pH 7.9, 200 mM KCl, 0.1% Triton,
2.5 mM ethylenediaminetetraacetic acid [EDTA] and 5 mM
Dithiothreitol) and 10 wl of protein A Sepharose beads cou-
pled with 10 pl of antibodies. The mixtures were rotated at
4°C for 2 h. The beads were washed with 1.5 ml of binding
buffer for six times. RNAs recovered by phenol/chloroform
extraction and ethanol precipitation were analyzed on de-
naturing polyacrylamide gels and imaged by autoradiog-
raphy. Twenty-five percent of the input was loaded. Mock
depleted, AAly, ATHO and AUAP56/URH49 nuclear ex-
tract used for RNA IPs were prepared as previously de-
scribed (4).

Protein immunoprecipitations

To carry out IP experiments, 10 wl of antibodies were cova-
lently crosslinked to 20 pl of Protein A beads (crude serum
volume: packed beads volume). For IPs from nuclear ex-
tract, 75 wl of HeLa nuclear extract was incubated with
50 ng/ml RNase A under splicing condition for 20 min.
The reaction mixture was then combined with 125 wl of
IP buffer (I1x PBS, 0.1% Triton, 0.2 mM phenylmethane-
sulfonyl fluoride and protease inhibitor [Roche]) and 20 wl
of beads crosslinked with antibodies. The mixtures were ro-
tated overnight at 4°C and washed with IP buffer for six
times. Proteins were eluted with 30 pl of SDS loading buffer
and separated by SDS-PAGE. For IPs from cell lysates, 1 x
107 of HeLa cells transfected with indicated plasmids were
harvested and resuspended with 300 .l of binding buffer (20
mM Tris, 100 mM NaCl, 2 mM EDTA, 1 mM DTT, 1 mM
PMSF and 0.1% Triton). The sample was sonicated 3 s for
four times and centrifuged 12 000 rpm at 4°C for 10 min.
The supernatant was incubated with 50 ng/pl of RNase A
and protease inhibitor at 30°C for 5 min. After another cen-
trifuge at 12 000 rpm for 10 min at 4°C, the supernatant was
added to 20 wl of beads crosslinked with antibodies and ro-
tated overnight at 4°C followed by six washes with binding
buffer. Proteins were also eluted with 30 w1 of SDS loading
buffer and separated by SDS-PAGE.

Electrophoresis mobility shift assay

32P-labeled PRE-SEP1 RNA (12 pmol) or the same amount
of size-matched control RNAs were incubated on ice with
different molar excesses of purified, bacteria-expressed re-
combinant GST-ZC3H18-ZF proteins (in 1x PBS, 10%
glycerol) for 20 min. Loading buffer (2 pl; 30 mM EDTA,
36% glycerol, 0.05% bromophenol blue, 0.035% xylene
cyanol) was added, and the mixtures were separated in a
1% agarose gel (low gelling temperature, Sigma).

In vivo RNA immunoprecipitations

HeLa cells were grown in 10 cm dishes and transfected with
indicated siRNAs. Forty-eight hours later, cG-SEP1 plas-
mid (1 pg/dish), pPSUPER-tRNA plasmid (10 pg/dish) and
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plasmid encoding the VSV M protein (14 wg/dish) were
co-transfected into knockdown cells. Twenty-four hours
later, cells were harvested and nuclear extracts were pre-
pared as previously described (29). Fifteen microliters of
HeLa nuclear extract was incubated under splicing con-
dition for 20 min. 50 wl of reaction mixture was then
combined with 25 pl of IP buffer and 20 wl of beads
crosslinked with antibodies. IPs were carried out overnight
at 4°C. Beads were then washed for six times with the
IP buffer. One-fifth of the immunoprecipitates were ana-
lyzed by western to determine the IP efficiency of proteins.
The rest immunoprecipitates were treated with proteinase
K for 1 h at 37°C and the immunoprecipitated RNAs were
recovered by phenol/chloroform extraction and ethanol
precipitation. The RNAs were then treated with 2U of
DNase RQI1 (Promega) for 2 h at 37°C before additional
phenol/chloroform extraction and ethanol precipitation.
RNAs were reverse transcribed with M-MLYV reverse tran-
scriptase (Promega) and cDNA were further quantified by
real-time PCR using GoTaq qPCR Master Mix (Promega)
according to the manufacturer’s protocol.

RESULTS
PRE enhances the nuclear export of cDNA transcripts

Previous studies suggested that PRE enhances the expres-
sion of intronless reporter mRNAs by promoting nuclear
export (18). To determine the role of PRE in promoting
nuclear export of intronless mRNAs, we constructed -
globin reporter plasmids with PRE inserted in the sense
(cG-PRE) or anti-sense direction (cG-rPRE) at the 3’ end
of the open reading frame (Figure 1A). These constructs,
as well as wild-type B-globin (WG) and its cDNA coun-
terpart (cG), were transfected into HeLa cells, and nucleo-
cytoplasmic distribution of these mRNAs was determined
using FISH (Figure 1B). As expected, 24 h after transfec-
tion, the wG mRNA mainly accumulated in the cytoplasm,
whereas the cG mRNA was mostly retained in the nucleus
(Figure 1B, wG and cG). Significantly, the cG-PRE mRNA
was largely detected in the cytoplasm. In contrast, the cG-
rPRE mRNA was mainly nuclear (Figure 1B). These results
indicate that PRE enhances the cytoplasmic accumulation
of the cG mRNA. To test whether PRE also enhances cyto-
plasmic accumulation of other intronless mRNAs, we next
used Smad reporter constructs. When PRE was inserted at
the 3’ end, the Smad cDNA transcript (cS) that was oth-
erwise retained in the nucleus was accumulated in the cy-
toplasm to the similar extent to the spliced Smad mRNA
(wS) (Supplementary Figure S1). Thus, our data indicate
that the role of PRE in enhancing nuclear export of cDNA
transcripts is general.

It is well established that splicing promotes mRNA ex-
port (3,11,12). To investigate the possibility that PRE en-
hances mRNA export by inducing a splicing event, the wG,
c¢G and cG-PRE constructs were transfected into HeLa
cells, followed by RT-PCRs. As shown in Supplementary
Figure S2, for the wG construct, the PCR product that
was amplified from the reverse transcript (RT) was approx-
imately 1 kb shorter than that amplified from the plasmid
DNA (Supplementary Figure S2). In contrast, similar to
what was observed with the ¢G construct, the sizes of the

PCR products for the RT and DNA plasmid of the cG-PRE
construct were the same, indicating that no splicing had oc-
curred to the cG-PRE mRNA (Supplementary Figure S2).
These results indicate that the enhancement of cytoplasmic
accumulation by PRE was not a result of splicing, but rather
a direct effect on mRNA export.

Two export-facilitating sub-elements in PRE

We next sought to examine whether PRE contains multi-
ple export-facilitating sub-elements and to minimize their
sizes. To this end, cG plasmids containing differently trun-
cated forms of PRE were constructed and transfected into
HeLa cells, followed by FISH analysis. As shown in Fig-
ure 1C, when PRE was separated into two fragments that
only have 18 nt overlapping sequence, both efficiently pro-
moted the nuclear export of the cG mRNA (Figure 1C and
D, D1 and D2). We subsequently shortened these two frag-
ments. The D2 fragment was successfully shortened to 116
nt (SEP1) without significantly reducing its export activity
(Figure 1D, D4). In contrast, we could only shorten the D1
fragment to 204 nt (SEP2; Figure 1D, D6-D13). Neverthe-
less, our results indicate that PRE contains at least two inde-
pendent, export-facilitating sub-elements. This is consistent
with a previous study which reported that PRE contains two
sub-elements (263 and 333 nt, respectively) that function
synergistically in facilitating the expression of cDNA tran-
scripts (30). Considering that shorter RNA elements usually
have better specificities for the identification of associating
proteins, we used SEP1 for further studies.

Purification of the RNP formed on the SEP1 RNA

To identify the cellular proteins that specifically associate
with the SEP1 RNA, SEP1 and its reverse complement se-
quence (rSEP1) were fused to three MS2 binding sites and
in vitro transcribed (Figure 2A). These RNAs were incu-
bated with MS2-MBP, followed by incubation with HeLa
nuclear extract under splicing conditions for 60 min. RNPs
formed on the SEP1 and rSEP1 RNAs were isolated by
gel filtration followed by affinity purification using amylose
resin. Proteins from equivalent amounts of RNPs were sep-
arated by SDS-PAGE followed by silver staining. As shown
in Figure 2B, multiple proteins were specifically present in
the SEP1 RNP. These proteins were identified using mass
spectrometry. Strikingly, most of these proteins were TREX
components or putative TREX-interacting proteins that in-
clude Brr2, KIAA1429, Acinus, ARS2, RBM15 and hn-
RNPL (Figure 2B, labeled underline) (3,9,31). In addition,
three putative RNA-binding proteins SAFB2, ZC3H18 and
RBMX were also specifically detected in the SEP1 RNP.
To examine whether the entire TREX complex associates
with the SEP1 RNA, western analyses were carried out on
SEPI and rSEP1 RNPs using antibodies to TREX pro-
teins. CBP80 was used as a loading control, and eIF4AIII,
which is a component of the EJC, was used to determine
the specificity of the purifications. As shown in Figure 2C,
CBP80 was present equally in the SEP1 and rSEP1 RNP,
whereas elF4AIIl was absent from both RNPs. Signifi-
cantly, UAP56/URH49 was readily detected in the SEP1
RNP, but not in the rSEP1 RNP (Figure 2C). The amounts
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Figure 1. PRE promotes the cytoplasmic accumulation of cDNA transcripts. (A) Schematic of the B-globin reporter constructs. The CMV promoter,
BGH polyA sites and the location of the FISH probe (vector probe) that detects a region of pcDNA3 vector (indicated by a short line) are shown. (B)
CMV-DNA constructs were transfected into HeLa cells. Twenty-four hours after transfection, FISH was preformed to detect the indicated mRNAs. DAPI
staining was used to indicate the nuclei. C/N ratios were determined for 30 cells per construct in each experiment. The graph shows the average C/N ratios
from three independent experiments, and error bars indicate the standard deviations. Statistical analysis was performed using Student’s t test. *P < 0.05;
¥*P < 0.01; ¥**P < 0.001. (C) Schematic of the ¢G constructs with truncated forms of PRE. The remaining parts of PRE are shown with nucleotide
numbers relative to the HBV genomic sequence. (D) Constructs shown in (C) were transfected into HeLa cells followed by FISH analysis at 24 h after
transfection. Numbers below the images represent the C/N ratios (mean value &+ SD). Quantification was carried out as in (B).
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Figure 2. Purification and identification of SEP1-interacting proteins. (A) Schematic of the RNA substrates that were used for RNP purifications. Each
stem loop indicates an MS2 binding site. (B and C) In vitro transcribed, 32P-labeled SEP1 and its reverse complement sequence (rSEP1) containing three
MS2 binding sites were incubated with MS2-MBP followed by incubation with HeLa nuclear extract for 1 h. The mixtures were separated by gel filtration
and purified using amylose resin. The purified RNPs were then separated by SDS-PAGE followed by silver-staining (B) and western analyses (C) using
the indicated antibodies. RNAs that were present in the purified RNPs were visualized using autoradiography and are shown in the left panel in (B).
The proteins present in the bands that are indicated in the right panel in (B) were identified using mass spectrometry. The UAP/URH antibody detects
both UAP56 and URH49. (D) In vitro transcribed, 32P-labeled SEP1 and rSEP1 were incubated in HeLa nuclear extract under splicing conditions for 1 h
followed by RNA IPs using the indicated antibodies. The control was an antibody to fSAP130. One-fourth of the input was loaded. The graph shows the
quantification of IP efficiencies. U/U indicates UAP56/URH49. The bars indicate the average ratios of IP efficiencies for rSEP1 relative to those for SEP1

for three independent experiments.

of Thoc2, Thoc5 and Aly present in the SEP1 RNP were
also significantly more than those in the rSEP1 RNP. These
results indicate that the entire TREX complex efficiently as-
sociated with the SEP1 RNA.

To further investigate the association of TREX with the
SEP1 RNA, we next carried out RNA immunoprecipita-
tions (IPs). In vitro transcribed SEP1 and rSEP1 RNAs
were incubated in HeLa nuclear extract under splicing con-
ditions followed by IPs with antibodies to CBP80, Aly,

UAP56/URH49 and Thoc2 (Figure 2D). elF4AIIl and
fSAP130 antibodies were used as negative controls. As
shown in Figure 2D, the CBP80 antibody equally immuno-
precipitated (IP’d) the SEP1 and rSEP1 RNAs, whereas the
negative control antibodies did not immunoprecipitate ei-
ther RNA. Significantly, the SEP1 RNA, but not the rSEP1
RNA, was efficiently IP’d by the Aly, UAP56/URH49 and
Thoc2 antibodies (Figure 2D), indicating that the SEP1
RNA is specifically bound by TREX proteins. Taken to-
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analyses of the cell lysates were carried out with the indicated antibodies.
Control knockdown cell lysates (10%, 30% and 100%) were loaded. (B)
The cG-SEP1 construct was transfected into HeLa cells 36 h after siRNA
transfection, and 24 h later, FISH was carried out to detect the cG-SEP1
mRNA. The FISH probe was same as that used in Figure 1. (C) Similar to
(B), except that the cG-PRE construct was transfected, and TAP knock-
down cells were also included.

gether, we conclude that TREX proteins specifically asso-
ciate with the SEP1 RNA.

TREX is required for PRE-mediated mRINA export

The fact that TREX specifically associates with the
SEP1 RNA raised the possibility that it plays a role
in SEP1-dependent mRNA export. To test this possibil-
ity, we carried out RNA-mediated interference (RNAi) of
UAP56/URHA49, Aly and Thoc2 in HeLa cells and used a
nontargeting siRNA as a negative control. Western analy-
ses revealed that protein levels of these genes were efficiently
knocked down (Figure 3A). When the ¢cG-SEP1 construct
was transfected into control knockdown cells, the corre-
sponding mRNA was mainly detected in the cytoplasm.
In marked contrast, the cG-SEP1 mRNA was mostly re-
tained in the nuclei in UAP56/URH49-, Aly- and Thoc2-
knockdown cells (Figure 3B). These results indicate that
TREX plays key roles in SEP1-mediated mRNA export.

It is possible that other sub-elements in PRE, such as
SEP2, recruit other RNA export adaptors/receptors that
play redundant roles with TREX in PRE-mediated mRNA
export. If this were true, one would expect that TREX is
not necessary for nuclear export mediated by the full-length
PRE. To test this possibility, we examined the role of TREX
and the mRNA export receptor TAP in PRE-mediated
mRNA export. As shown in Figure 3C, although the ¢G-
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PRE mRNA was mostly cytoplasmic in control knockdown
cells, it was largely retained in the nuclei of Aly-, Thoc2-,
UAP56/URH49- and TAP-knockdown cells (Figure 3C).
Together, these results indicate that TREX is required for
PRE-mediated mRNA export and PRE utilizes the cellular
mRNA export pathway.

Z.C3H18 plays key roles in SEP1-dependent mRNA export

We next examined the roles of other SEPIl-associating
proteins in SEP1-mediated mRNA export. To this end,
we carried out RNAIi of these proteins, including Brr2,
KIAA1429, Acinus, ARS2, hnRNPL, RBM15, RBMX,
SAFB2 and ZC3HI18. RT-PCR analyses showed that
mRNA levels of the target genes were reduced at least 70%
(Figure 4A). When RBMX, SAFB2 as well as previously re-
ported TREX-interacting proteins were knocked down, the
nucleocytoplasmic distribution of the cG-SEP1 mRNA was
not significantly affected (Figure 4B). However, unexpect-
edly, knockdown of ZC3H18, which was not known to in-
teract with TREX, significantly inhibited nuclear export of
the cG-SEP1 mRNA. To confirm this result, we used three
different siRNAs that efficiently silenced the expression of
ZC3HI18 (Supplementary Figure S3). Similar to shRNA-
treated cells, the cG-SEP1 mRNA was largely nuclear in
ZC3H18 siRNA-treated cells. Therefore, we concluded that
ZC3H18 is required for SEP1-mediated mRNA export.

We also examined the role of ZC3H18 in mRNA export
mediated by the full-length PRE. As shown in Supplemen-
tary Figure S3, knockdown of ZC3H18 did not significantly
affect nuclear export of the cG-PRE mRNA, suggesting
that other sub-elements in PRE, like SEP2, promote nuclear
export of intronless mRINAs via a mechanism independent
of ZC3H18.

Z.C3H18 directly binds the SEP1 RNA, interacts with TREX
and is required for efficient TREX recruitment to the SEP1
RNA

ZC3HI18 contains a CCCH zinc finger domain that has
the potential for RNA-binding. We next examined whether
ZC3H18 directly binds to the SEP1 RNA. We expressed the
recombinant GST-tagged zinc finger domain of ZC3H18
(GST-Z-ZD; Figure 4C, left panel) in bacteria and em-
ployed electrophoresis mobility shift assays. A size matched
RNA (Cntl 1) that can also enhance nuclear export of in-
tronless mRINAs was used as a control (Supplementary Fig-
ure S4). In addition, the anti-sense transcript of Cntl 1 RNA
(Cntl 2) was also included. 3?P-labeled SEP1 and control
RNAs were incubated with increasing amounts of GST-Z-
ZD. More than 50% of binding to the SEP1 RNA was ob-
served at 40 nM of Z-ZD (Figure 4C, lane 3), whereas no
significant RNA—protein complex formation with the con-
trol RNAs was detectable (Figure 4C). To further examine
the specificity of the interaction between ZC3H18 and the
SEP1 RNA, we next incubated the SEP1 RNA with equal
amount of GST or GST-Z-ZD. As shown in Figure 4D,
the SEP1 RNA form RNA-protein complexes with GST-
Z-7D, but not with GST itself. These data show that re-
combinant Z-ZD binds directly to the SEP1 RNA, which is
in agreement with our RNP purification results and demon-
strated that ZC3H18 preferentially binds the SEP1 RNA.
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Figure 4. ZC3H]18 plays key roles in SEP1-dependent mRNA export. (A) HeLa cells were infected with lenti-viruses expressing the indicated shRNAs,
and 96 h later, total RNAs were extracted followed by RT-PCR analyses to determine knockdown efficiencies. RT products of the control knockdown
(10%, 30% and 100%) were used for PCR. (B) Cells described in (A) were transfected with the cG-SEP1 construct at 72 h post-infection, followed by
FISH analysis 24 h later to detect the cG-SEP1 mRNA. The FISH probe was same as that used in Figure 1. (C) 12 pmol of 3>P-labeled SEPI and two
control RNAs were incubated with 0, 12, 40 and 120 nmol of purified GST-ZC3H18-ZD (Z-ZD). The protein-RNA complexes were fractionated on a
1% agarose gel and visualized using autoradiography. The position of free RNAs and protein-bound RNAs are indicated. The left panel shows coomassie
staining of the purified Z-ZD protein. (D) 3*P-labeled SEP1 (12 pmol) were incubated with 200 nmol of purified GST or GST-Z-ZD protein followed
by electrophoresis mobility shift assay similar to (C). The left panel shows coomassie staining of the purified GST and GST-Z-ZD protein. (E) Plasmids
encoding the indicated Flag-tagged proteins were transfected into HeLa cells, and 24 h later, the cells were harvested and RNase A-treated lysates were
used for Flag-IPs followed by western analyses using Thoc2 and Flag antibodies. (F) The pcDNA3-ZC3H18 plasmid was transfected into HeLa cells,
and 24 h later, the cells were harvested and RNase A-treated lysates were used for IPs using Thoc2 and eIF4A3 antibodies followed by western analyses
with indicated antibodies. (G) HeLa cells were treated with control or ZC3H18 siRNA. Forty-eight hours later, cG-SEP1, pSUPER-tRNA and VSV M
plasmids were co-transfected into knockdown cells. Twenty-four hours later, cells were harvested and in vivo RNA immunoprecipitation was carried out
using indicated antibodies. Immunoprecipitated RNAs were analyzed by RT-qPCR. The bars indicate the ratio of the IP efficiency of cG-SEP1 mRNA
relative to that of tRNA. The relative IP efficiencies from control knockdown cells were considered as 100%. The bars and error bars represent average
values and standard deviations from three independent experiments. Immunoprecipitated proteins were analyzed by westerns (left panel).

It is possible that ZC3H18 binds to the SEP1 RNA di- by Flag-eIF4AIIl (Figure 4E). As shown in Figure 4E, al-
rectly and recruits TREX. If this were true, one would ex- though the level of Flag-ZC3HI18 was apparently lower
pect that ZC3H18 interacts with TREX. To test this inter- than that of Flag-UAPS56, significantly more Thoc2 was co-
action, we examined whether exogenously expressed Flag- IP’d with Flag-ZC3H18 than Flag-UAPS56. This result indi-
ZC3H18 co-immunoprecipitates TREX components. Flag- cates that ZC3H18 strongly associates with Thoc2. To con-
eIF4AIII and Flag-UAP56 were used as negative and pos- firm this association, we carried out reverse IPs from the cell
itive controls, respectively. As expected, the TREX protein lysates expressing exogenous ZC3H18 using a Thoc2 anti-
Thoc2 was co-immunoprecipitated by Flag-UAP56, but not body and a control antibody to eIF4AIIl. As shown in Fig-



ure 4F, ZC3HI18 was present in the immunoprecipitate of
the Thoc2 antibody, but not in that of the eIF4AIIl anti-
body. These results indicate that ZC3H]18 associates with
the TREX component Thoc2.

We next asked whether ZC3H18 functions in recruit-
ing TREX to the SEP1-containing mRNA. To answer this
question, HeLa cells were treated with ZC3H18 or the con-
trol siRNA followed by co-transfection of the ¢cG-SEP1
construct with a control tRNA construct. IPs were carried
out with antibodies to Aly, UAP56/URH49 and Thoc2.
RNAs coprecipitated were extracted, reverse transcribed
and amplified by qPCRs. As shown in Figure 4G, mod-
erate but reproducible decrease in the levels of ¢G-SEP1
mRNA associating with TREX proteins were observed with
ZC3H18 knockdown compared to the control knockdown.
This decrease was not a result of different TREX IP efficien-
cies in control and ZC3H18 knockdown, as equal amount
of TREX proteins were present in immunoprecipitates from
these two sets of knockdown cells (Figure 4G). This result
indicates that ZC3H18 functions in TREX recruitment to
SEP1-containing mRNAs. Together, our data indicate that
ZC3H18 specifically binds to the SEP1 RNA and recruits
TREX to SEP1-contiaing mRNAs via protein—protein in-
teractions.

Efficient TREX recruitment to the SEP1 RNA depends on
the 5’ cap and TREX integrity

The moderate effect of ZC3H18 knockdown on TREX re-
cruitment to the SEP1 RNA suggests that ZC3H18 might
not be the only factor recruiting TREX. Previously we
had showed that splicing-dependent TREX recruitment re-
quires the 5’ cap (4,11). We next examined whether the 5’
cap/CBC plays a role in TREX recruitment to the SEP1
RNA. To do this, we in vitro synthesized capped and un-
capped SEP1 RNA followed by RNA IPs with antibodies
to CBP80, Aly, UAP56/URH49 and Thoc2. As expected,
capped, but not uncapped, SEP1 RNA was efficiently IP’d
by the CBP80 antibody. Significantly, Aly, UAP56/URH49
and Thoc?2 efficiently associated with the capped, but not
the uncapped SEP1 RNA (Figure 5A). This result indi-
cates that ZC3HI8 is not the only requirement for SEP1-
dependent TREX recruitment and the 5 cap/CBC is also
required for SEP1-mediated TREX recruitment.

Aly and THO are required for the efficient recruitment
of TREX proteins to spliced mRNAs (4). However, the
role of UAP56/URH49 in TREX recruitment remains to
be determined. To examine whether Aly, UAP56/URH49
and THO is required for recruitment of one another to the
SEP1 RNA, we carried out RNA IPs from Aly-, THO-
and UAP56/URH49-immunodepleted HeLa nuclear ex-
tracts (AAly, ATHO and AUAP56/URH49 extracts, re-
spectively). The mock-depleted nuclear extract (Mock ex-
tract) was used as a control. Aly, THO and UAP56/URH49
were efficiently depleted without significantly affecting the
levels of the other proteins (Figure 5B). In the Mock ex-
tract, the SEP1 RNA was efficiently IP’d by antibodies to
CBPS80, Aly, UAP56/URH49 and Thoc2 (Figure 5C and
D). In contrast, depletion of Aly or THO inhibited the
association of other TREX proteins with the SEP1 RNA
(Figure 5C and D). Although UAP56/URH49 could not

Nucleic Acids Research, 2014, Vol. 42, No. 11 7313

be completely depleted, as judged from the small amount
of SEP1 RNA that was IP’d by the UAP56/URH49 anti-
body in the AUAP56/URH49 extract, a moderate but re-
producible reduction of the SEP1 RNA associated with Aly
and Thoc2 was observed (Figure SD). These data show that
Aly, THO and UAP56/URH49 require one another to ef-
ficiently associate with the SEP1 RNA. Together, we con-
clude that requirements for TREX recruitment to the SEP1
RNA are highly similar to those for TREX recruitment to
spliced mRNAs.

3’ end processing is required for PRE-mediated mRNA export

3" end processing is required for the efficient export
of spliced mRNAs (32). To test whether PRE-mediated
mRNA export also requires appropriate 3’ end processing,
the AATAAA in the polyA signal of the cG-PRE construct
was mutated to GGATCC, and the construct was microin-
jected into nuclei of HeLa cells followed by FISH. As shown
in Figure 5E, the cG-PRE mRNA with the WT polyA
signal partially accumulated in the cytoplasm 2 h post-
injection and was mostly cytoplasmic 4 h later. In marked
contrast, the cG-PRE mRNA with mutated polyA signal
was mainly nuclear even 4 h after microinjection. These re-
sults indicate that similar to cellular spliced mRNAs, 3" end
processing is also required for PRE-dependent mRNA ex-
port.

PRE competes with spliced mRNAs for nuclear export

The fact that the nuclear export of PRE-containing RNAs
share common features with that of spliced mRNAs sug-
gest that these two pathways may compete with each other.
To test this possibility, we next asked whether PRE has any
trans effect on the nuclear export of spliced mRNAs. To an-
swer this question, the wS plasmid was co-injected with ex-
cess amounts of plasmid expressing PRE or tRNA into the
nuclei of HeLa cells, and the effect on the distribution of
the wS mRNA was examined. When the tRNA construct
was co-injected, the wS mRNA began to accumulate in the
cytoplasm at 0.5 h, and the cytoplasmic wS mRNA grad-
ually increased at the 1 h and 2 h time points (Figure SF,
+tRNA). In contrast, the wS mRNA was only detected in
the nuclei of cells co-injected with PRE, even at 2 h post-
injection (Figure SF, +PRE). This result indicates that PRE
indeed competes with spliced mRNAs for nuclear export.

Z.C3H18, ARS2, Acinus and Brr2 are required for cellular
mRINA export

The competition between PRE and spliced mRNA
prompted us to test whether SEPI1-associating proteins
play any role in the nuclear export of cellular mRNAs. To
this end, we examined how the nucleocytoplasmic distri-
bution of polyA RNAs is affected by knockdown of these
proteins. In control shRNA-treated cells, polyA RNAs were
mainly detected in the cytoplasm. Similarly, in SAFB2-,
KIAA1429-, hnRNPL-, RBM15- and RBMX-knockdown
cells, polyA RNAs were also mainly accumulated in the
cytoplasm. In contrast, in ZC3H18-, Acinus-, ARS2- and
Brr2-knockdown cells, significant amount of polyA RNAs
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Figure 5. Requirements for SEP1-mediated RNA export are highly similar to those for cellular mRNA export. (A) In vitro transcribed, 32P-labeled capped
and uncapped SEP1 were incubated in HeLa nuclear extract under splicing condition for 1 h followed by RNA IPs with the indicated antibodies. The
right graph shows quantification of IP efficiencies from three independent experiments. The bars indicate the ratios of IP efficiencies using uncapped SEP1
RNAs relative to those with capped SEP1 RNAs. (B) Western analyses of immunodepleted HeLa nuclear extracts using the indicated antibodies. (C) In
vitro transcribed, 32P-labeled SEP1 was incubated in mock-, Aly- or Thoc2-immunodepleted nuclear extracts (Mock, AAly and ATHO extracts) under
splicing conditions for 1 h followed by RNA IPs using the indicated antibodies. The right graph shows quantification of three independent experiments.
The bars indicate the ratio of the IP efficiencies of AAly or ATHO extracts relative to the corresponding IP efficiency in the mock extract. (D) Same as

(C), except that the AUAPS56/URH49 extract was used. (E) The fragment from

the CMV promoter to the polyadenylation signal of the cG-PRE plasmid

with a WT (pA+) or mutated polyadenylation signal (pA-) was amplified by PCR. PCR products (200 ng/l) were microinjected into HeLa nuclei, and

a-amanitin was added to block transcription 15 min after microinjection. FISH
c¢G-PRE mRNAs. The FISH probe was same as that used in Figure 1. (F) The

was carried out at the indicated time point to detect the distribution of the
wS construct (50 ng/pl) was co-injected with 200 ng/ul of PRE plasmid

or tRNA plasmid into HeLa nuclei, and a-amanitin was added to block transcription 15 min after microinjection. FISH was carried out to detect the
distribution of Smad mRNAs at 0.5, 1 and 2 h after injection using Smad probe.

was detected in the nucleus (Figure 6A). To confirm these
results, we used three different siRNAs to knock down each
of these genes. RT-PCR /western analyses showed that for
ZC3H18, Acinus and Brr2, all three siRNAs knocked down

the target genes efficiently, whereas for ARS2, only two
siRNAs efficiently reduced its expression level (Supplemen-
tary Figures S3 and S5). Correlated with the knockdown
efficiencies, polyA RNAs were detected at least partially,
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Figure 6. ZC3H18, Ars2, Acinus and Brr2 are required for cellular mRNA export. (A) HeLa cells were infected with lenti-viruses expressing the indicated
shRNAs. Ninety-six hours later, FISH was carried out to determine the distribution of the polyA RNAs using an oligo-dT (70) probe. (B) HeLa cells were
transfected with the indicated siRNAs. Seventy-two hours later, polyA FISH and SC35 immunofluorescence (IF) were carried out to detect the localization
of polyA RNAs and SC35. The polyA FISH, SC35 IF and merged images are shown.

if not mostly, in the nuclei of these siRNA-treated cells,
except for cells treated with the ARS2-3 siRNA, which did
not efficiently knock down ARS2 (Supplementary Figure
S5). Together, these results indicate that ZC3H18, ARS2,
Acinus and Brr2 are required for efficient nuclear export of
cellular mRNAs.

It is known that the entire TREX complex is required
to release mRNAs from the nuclear speckle domains that
are enriched with splicing factors (4,26). Previously, ARS2,
Acinus and Brr2 were found in the spliceosome and pulled
down by and/or IP’d with TREX proteins (3,9,33,34). Thus,
it is possible that these proteins may function in cellu-
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lar mRNA export by recruiting TREX during splicing. If
this were true, silencing the expression of these proteins
would also lead to the accumulation of polyA RNAs in
nuclear speckle domains. To investigate this possibility, we
carried out a co-localization study of nuclear-accumulated
polyA RNAs with SC35, which is the standard marker
for nuclear speckle domains (Figure 6B) (26). In control
knockdown cells, as expected, a small portion of polyA
RNAs were present in nuclear speckle domains. In con-
trast, in ARS2-, Acinus- and Brr2-knockdown cells, sig-
nificant amount of polyA RNAs was detected in the nu-
cleus and these nuclear-accumulated polyA RNAs indeed
generally co-localized with SC35. Interestingly, in ZC3H18-
knockdown cells, polyA RNAs were also retained in nuclear
speckle domains. These data are consistent with the possi-
bility that ARS2, Acinus, Brr2 as well as ZC3H18 are in-
volved in TREX recruitment during splicing.

DISCUSSION

In higher eukaryotes, the TREX complex, which functions
in mRNA export, is recruited to spliced mRNAs dependent
upon splicing and to naturally intronless mRNAs depen-
dent upon cis-acting RNA elements that are present in these
mRNAs. However, the mechanism for neither splicing-
dependent nor element-dependent recruitment of TREX
is well understood. In this study, we found that a func-
tional sub-element of PRE (SEP1) can replace the role of
splicing in TREX recruitment. Our data support a model
where SEPI is recognized by ZC3H18, which subsequently
recruits TREX to SEP1-containing intronless mRNAs. In
addition, we found that several cellular proteins that asso-
ciate with PRE are required for efficient cellular mRNA ex-
port. According to their reported roles and interacting part-
ners, these proteins might be involved in cap- and splicing-
dependent TREX recruitment to cellular mRNAs.

Several lines of evidence support the model for ZC3H18-
dependent TREX recruitment to SEPI1-containing mR-
NAs. First, ZC3H18 and TREX proteins were identi-
fied in the RNP that is formed on the SEP1 RNA. Sec-
ond, ZC3H18 and TREX are required for SEP1-mediated
mRNA export. Third, ZC3H18 directly binds the SEP1
RNA and interacts with TREX via protein—protein inter-
actions. Finally, knockdown of ZC3H18 results in reduced
association of TREX proteins with the SEP1-containing
mRNA. However, ZC3H18 is not the only requirement for
stable association of TREX with the SEP1 RNA. Both
the 5 cap and 3’ end processing are required for SEPI1-
dependent TREX recruitment or mRNA export. Although
most intronless mRNAs do not undergo splicing, they do
need to be capped and polyadenylated prior to nuclear ex-
port. Thus, the possibility that ZC3H18, the 5 cap/CBC
and the 3’ end processing machineries all contribute to
TREX recruitment to SEP1-containing mRNAs would en-
sure that only fully processed mRNAs can be exported. In
contrast to the moderate effect of ZC3H18 knockdown on
TREX recruitment, we did observe a significant inhibition
on SEP1-dependent mRNA export. It is possible that mod-
erate reduction of TREX recruitment is enough to cause
significant inhibition on mRNA export.

Previously, it was concluded that PRE does not use the
mRNA export pathway by demonstrating that a mutant
RanBP1 inhibits CAT expression dependent on PRE, but
not that dependent on CTE (19). However, the decreased
expression can also be explained by reduced transcription
or translation, or elevated mRNA degradation. Consis-
tent with possible enhanced mRNA degradation, the CAT
mRNA levels in both the nucleus and the cytoplasm de-
creased significantly when the mutant RanBPl was ex-
pressed (19). Here, we found that knockdown of TREX
or TAP blocked PRE-dependent mRNA export and ex-
cess amount of PRE inhibited mRNA export, demonstrat-
ing that PRE utilizes the mRNA export pathway. No-
tably, the mechanism for SEP1 enhancing mRNA export
is distinct from other known viral RNA elements that uti-
lize TREX for nuclear export. Kaposi’s Sarcoma-associated
herpesvirus (KSAH), herpes simplex virus type 1 (HSV)
and the human cytomegalovirus all encode specific viral
proteins that bind viral mRNAs and recruit TREX to viral
unspliced mRNAs (35-38). In contrast, the role of SEP1 in
mRNA export does not require any viral protein, but is de-
pendent upon the cellular protein ZC3H18. Thus, although
SEP1 is a viral RNA element, the mechanism by which it en-
hances mRNA export is rather similar to that for cis-acting
RNA elements promoting nuclear export of naturally in-
tronless mRNAs.

To date, our understanding of the mechanisms by which
cis-acting RNA elements recruit TREX to export cellular
intronless mRNAs is very limited. The Prp19 complex and
U2AF2 have been shown to associate with some intron-
less mRNAs and function in their export (39). However, it
remains unknown whether these proteins directly bind to
these mRNAs. It is possible that some common mRNA ex-
port factors function in nuclear export mediated by differ-
ent cis-acting RNA elements. Consistent with this possibil-
ity, ZC3H18 was also found to preferentially associate with
RNA elements that were identified in some intronless mR-
NAs (39). Therefore, it is possible that ZC3H18 functions
in the nuclear export of naturally intronless mRNAs that
contain SEP1-like RNA elements. Our result showing that
knockdown of ZC3H18 led to partial nuclear retention of
polyA RNAs suggests that ZC3H18 is required for the ex-
port of a subset of cellular mRNAs. It would be interesting
to investigate whether the nuclear retained polyA RNAs in-
clude naturally intronless mRNAs that contain SEP1-like
elements.

Two major possible mechanisms have been proposed for
splicing-dependent TREX recruitment. One possibility is
that some splicing factors that interact with TREX proteins
function in their recruitment during splicing. Our result
demonstrating that the U5 snRNP component Brr2 func-
tions in mRNA export supports this possibility. In a previ-
ous study, we found that different from Aly and THO, which
exclusively associate with spliced mRNAs, UAP56/URH49
also associates with pre-mRNAs via an unknown mech-
anism (4). Interestingly, Brr2 was specifically enriched in
UAP56/URH49 immunoprecipitate, but not in those of
other TREX proteins (9). Thus, it is possible that dur-
ing splicing, Brr2 recruits UAP56/URH49 to pre-mRNAs
via protein—protein interaction. Some other splicing fac-
tors might also be involved in recruiting UAP56/URH49 to
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Figure 7. Models for the roles of SEP1-associating proteins in the nuclear export of PRE-containing mRNAs and spliced cellular mRNAs. Left panel:
ZC3HI18 directly binds to the SEP1 RNA, and TREX is recruited to the SEP1 RNA via ZC3H18. Right panel: possible roles of ARS2, ZC3H18, Acinus
and Brr2 in TREX recruitment to cellular mRNAs during splicing (see the details in the Discussion section). In both situations, CBC and 3’ end processing
factors are required for recruiting/stabilizing TREX to the mRNAs to form export-competent RNPs.

pre-mRNAs. For example, the Prp19 complex also interacts
with UAP56 and functions in mRNA export in yeast (9,40).
Another possible mechanism for splicing-dependent TREX
recruitment is that components of the spliced mRNP, such
as the EJC, stabilize TREX on spliced mRNAs. In agree-
ment with this possibility, we found that the EJC compo-
nent Acinus, which was previously pulled down by Aly, is
required for the efficient export of polyA RNAs (3,41). Ac-
inus might possibly function in mRNA export by stabiliz-
ing TREX on spliced mRNAs. Obviously, these two mech-
anisms are not mutually exclusive, but might function syner-
gistically, which could explain why knockdown of Brr2 and
Acinus alone only led to moderate mRNA export blockage.
Further studies on the roles of Brr2 and Acinus in TREX
recruitment to spliced mRNA are needed. Except for Brr2
and Acinus, other factors and mechanisms might also be
involved in splicing-dependent mRNA export.

Previously, it has been shown that in addition to splic-
ing, TREX recruitment is dependent upon the 5 cap (11).
Itis thought that this recruitment occurs via interactions be-
tween the cap-binding protein CBP80 and the TREX pro-
teins Aly and Thoc2 (4). However, knockdown of CBP80
and CBP20 does not have an apparent effect on mRNA
export (Chi,B., unpublished observations). ARS2 is a re-
cently identified component of the nuclear CBC that was
enriched in TREX IPs (3,9,42) and has been implicated in
3’ end processing and degradation of mRNAs (43,44). Con-
sidering the significant inhibitory effect of ARS2 knock-
down on mRNA export, it is possible that it plays a more
important role than CBPS80 in recruiting TREX (Figure 7,
right panel). A recent study reported that ZC3H18 interacts
with CBP80/CBP20 and ARS2 (43). Thus, it is possible that
ZC3H18 together with CBC recruits TREX to spliced mR-
NAs and thus functions in cap-dependent TREX recruit-
ment and mRNA export. Further studies on the interac-
tions of CBP80, ARS2, ZC3H18 and TREX might refine
the current model for cap-dependent TREX recruitment.
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