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A Specific Set of Exon Junction Complex Subunits Is Required for the
Nuclear Retention of Unspliced RNAs in Caenorhabditis elegans
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Department of Biology, Graduate School of Science, Kobe University, Rokkodaicho, Nadaku, Kobe, Japan

The exon junction complex (EJC) is highly conserved in many organisms and is involved in various steps of mRNA metabolism.
During the course of investigating the role of EJC in the germ line sex determination of the nematode Caenorhabditis elegans, we
found that depletion of one of the three core subunits (Y14, MAG-1, and eukaryotic translation initiation factor 4III [eIF4AIII])
or one auxiliary subunit (UAP56) of EJC resulted in the cytoplasmic leakage of unspliced RNAs from almost all of the C. elegans
protein-coding genes examined thus far. This leakage was also observed with the depletion of several splicing factors, including
SF3b, IBP160, and PRP19, all of which genetically interacted with Y14. We also found that Y14 physically interacts with both
pre-mRNA and spliceosomal U snRNAs, especially U2 snRNA, and that the interaction was abolished when both IBP160 and
PRP19 were depleted. Our results strongly suggest that a specific set of EJC subunits is recruited onto introns and interacts with
components of the spliceosome, including U2 snRNP, to provide a critical signal for the surveillance and nuclear retention of

unspliced RNAs in C. elegans.

he complete removal of introns from pre-mRNA before

mRNA export to the cytoplasm is critical to ensure the proper
expression of the protein product in higher eukaryotes. Premature
export of intron-containing RNAs gives rise to abnormal protein
products that are very harmful to various cell functions, although
most of such abnormal RNAs are eliminated by mRNA quality
control systems, including nonsense-mediated mRNA decay
(NMD) (1-4). Thus, cells must have mechanisms to retain par-
tially spliced pre-mRNA in the nucleus. Indeed, most intron-con-
taining RNAs, except in the case of alternative splicing, are nor-
mally localized in the nucleus. One mechanism is spliceosome
formation around introns, which is confined to the nucleus be-
cause most splicing factors are localized in the nucleus. In this
mechanism, the spliceosome itself or one or more spliceosome-
associated factors anchor intron-containing RNAs in the nucleus
(5-7). Another mechanism for the nuclear retention of intron-
containing RNAs is the splicing-dependent recruitment of mRNA
export-related factors. The transcription and export (TREX)
complex and exon junction complex (EJC) form on the 5’ region
of the nascent transcript (8, 9) and 20 to 24 nucleotides upstream
from splice junctions (10, 11), respectively. The TREX complex
contains the proteins UAP56 and Aly/REF (12, 13), both of which
are also subunits of EJC (14-16), suggesting the tight coupling of
splicing with mRNA export and the involvement of TREX and
EJC for preventing the premature export of unspliced RNAs.
Both spliceosome-dependent and export-related-factor-coupled
mechanisms for the nuclear retention of intron-containing RNAs
may operate concurrently, but the molecular details remain to be
elucidated.

EJC consists of four core subunits (Y14, Mago-nashi, eukary-
otic translation initiation factor 4III [eIF4AIll], and Barentz/
MLN51) and several auxiliary subunits (such as UAP56 and Aly/
REF), and these components are highly conserved in higher
eukaryotes (11, 17-20). Previous studies showed that EJC and its
core subunits have multiple biological functions. In mammals,
EJCis critical in defining the premature termination codon (PTC)
in the NMD system (21), and the EJC core subunits are involved in
translational regulation together with the partner of Y14 and
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Mago-nashi, PYM (22, 23). In Drosophila melanogaster, the EJC
core subunits Y14/Tsunagi and Mago-nashi are required for prop-
erly localizing oskar mRNA (24-27), which is important for pos-
terior formation, and for the efficient splicing of long introns in
several genes, including the mitogen-activated protein (MAP) ki-
nase gene mapk (28, 29). We previously reported that Y14 and
MAG-1 (Mago-nashi homologue) are required for proper germ
line sex determination in Caenorhabditis elegans hermaphrodites,
based on the observation that depleting either Y14 or MAG-1 by
RNA interference (RNAI) [referred to below as mag-1(RNA7) and
YI14(RNAi)] prevents the switch from spermatogenesis to oogen-
esis, resulting in germ line masculinization in hermaphrodites
(30, 31).

The switch in germ line sex determination from spermatogen-
esis to oogenesis in C. elegans hermaphrodites is regulated by a
group of genes (see Fig. S1A in the supplemental material) in
which functional tra-2 expression is critical for initiating oogene-
sis (32). It was shown previously that fra-2 expression is regulated
via translational control by FOG-2 and GLD-1 subsequent to al-
ternative nuclear export pathways of tra-2 mRNA (33-36). In this
study, we analyzed how Y14 is involved in germ line sex determi-
nation in C. elegans. We first performed epistasis analysis and
found that Y14 was required for proper tra-2 expression. Further
analyses showed that depleting Y14 caused nonconventional cy-
toplasmic RNA splicing of prematurely exported tra-2 pre-
mRNA. We also showed that the resultant abnormal TRA-2 pro-
tein translated from the aberrantly spliced tra-2 RNA inhibited the
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function of the normal TRA-2 protein. Similar premature export
of intron-containing unspliced RNAs was observed for almost all
C. elegans genes examined so far upon depletion of Y14, MAG-1,
and eIF4Alll, three EJC core subunits, or UAP56, an auxiliary
subunit, but not other EJC subunits. Interestingly, the premature
export of intron-containing RNAs was dependent upon two ex-
port receptors, NXF-2 and XPO-1/CRM1 (37). The germ line
masculinization phenotype resulting from the depletion of Y14
was enhanced by depleting several splicing factors, such as the U2
snRNP subunit SF3b, intron-binding protein IBP160, and ubiq-
uitin ligase PRP19 (38). Moreover, we found that Y14 interacts
with pre-mRNA and spliceosomal snRNAs, especially U2 snRNA,
and that this interaction is dependent upon the presence of
MAG-1, eIF4AIIL, IBP160, and PRP19. Our results strongly sug-
gest that a specific set of EJC subunits is recruited as pre-EJC onto
introns that are committed to be spliced and interacts with some
components of the spliceosome, including U2 snRNP, to provide
a critical signal for the surveillance and nuclear retention of in-
tron-containing unspliced RNAs in C. elegans.

MATERIALS AND METHODS

Strains and culture conditions. C. elegans strains were cultured at 20°C
using standard methods (39). Bristol N2 was used as the wild type. The
mutant strains used in this study were the following: TR1331 smg-1(r861)
I, TR1335 smg-5(r860) I, and NL2098 rrf-1(pk1417) L.

RNA interference. Sense and antisense RNA corresponding to the
coding or intron region of each gene were generated using T3 (Ambion)
and T7 (Promega) RNA polymerases. As a control, we synthesized green
fluorescent protein (GFP) gene double-stranded RNA (dsRNA) from
pPD79.44 (Fire Lab C. elegans vector kit, 1995 plate). For postembryonic
RNAI, first-larval-stage (L1) larvae were soaked in the dsRNA solution
(1.6 pg/pl) for 24 h and then transferred to nematode growth medium
(NGM) plates. The germ line phenotype was observed 72 h after recovery.
The concentrations of dsSRNA used differed for the following genes: xpo-1,
0.4 pg/pl (see Fig. 3 and 4); UAP56, 0.4 g/pl (see Fig. 5B); SAP130, 0.2
pg/pl (see Fig. 6A), 0.4 pg/pl (see Fig. 6C), and 20 ng/ul (see Fig. 6D);
Y14, 0.4 pg/pl; SAP130 and CDC5L, 0.08 wg/pl (see Fig. 6E); nxf-1, 20
ng/pl (see Fig. S4B in the supplemental material); UI-70k, 0.8 g/l (see
Fig. S6C in the supplemental material); and PRPS, 0.8 pg/pl (see Fig.
S6C). For immunoprecipitation experiments, we adopted the feeding
RNAi method (40). Synchronized L1 larvae were fed with bacteria ex-
pressing dsRNA for each gene in liquid medium. Worms were harvested
when they reached the young adult stage. As a control, worms were fed
with bacteria containing the empty vector 14440.

Transgene construction. The pie-1 promoter-containing vector
pJHA4.52 (41) was used to express the tra-2s transgene in the germ line. The
sequence spanning BamHI to Kpnl that contains GFP::His-11 and the
pie-1 3" untranslated region (3"UTR) was replaced with the sequence for
Xhol, tra-2s, Smal, hemagglutinin (HA), EcoRV, and the tbb-2 3'UTR.
The tra-2s expression plasmid (0.5 ng/pl, Nael cut), C. elegans genomic
DNA (40 ng/pl, Pvull cut), and pJERI (0.5 ng/ul, myo-3 promoter::d-
sRed2, Scal cut) were coinjected into N2 hermaphrodites. To construct
the plasmid to express IBP160::HA, the eft-3 promoter and unc-54 3’ UTR
from the pDEST-eft-3p vector (42) were inserted into the KpnI-Xhol site
and NotI-Sacl site, respectively, of pBluescript II SK(+). The sequence
spanning the Smal to NotI sites of the resultant plasmid was replaced with
the sequence for IBP160, Spel, and HA. The IBP160::HA expression plas-
mid (50 ng/pl) and pJERI (50 ng/pl) were coinjected into N2 hermaph-
rodites. The strain expressing IBP160::HA was mated with the strain ex-
pressing either Y14-ZZ (IgG binding domain)-GFP or ZZ-GFP (30).

RT-PCR analysis. Total RNA was extracted from adult worms that
were subjected to postembryonic RNAi using Sepasol-RNA II super re-
agent (Nacalai Tesque). cDNA was synthesized using the Superscript 111
reverse transcriptase system with random hexamers (Invitrogen) from 0.5
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g of DNase-treated total RNA, and 1/20 of the cDNA product was used
for each PCR reaction mixture with Ex Taq (TaKaRa). Detection of the
lariat intron was performed according to previously described methods
(43, 44). The primers used in this study are listed in Table S2 in the
supplemental material.

qRT-PCR analysis. The cDNA was synthesized using the PrimeScript
reverse transcriptase reagent kit (TaKaRa) from 0.5 pg of DNase-treated
total RNA. Quantitative reverse transcription (QRT)-PCR was performed
with SYBR premix EX Tagq II and the Thermal Cycler Dice real-time sys-
tem II (TaKaRa) according to the standard protocol. Specific amplifica-
tion of the PCR products was confirmed by analyzing the dissociation
curve, running the products on an agarose gel, and sequencing. Each
sample was measured as duplicates, and each experiment was repeated
three times.

Subcellular fractionation. Fractionation was performed as previously
described (45) with some modifications. Fourth-larval-stage (L4) or
young-adult-stage worms were washed in M9 buffer and collected by
sedimentation. Worms were resuspended in ice-cold isotonic buffer (25
mM HEPES at pH 7.6, 10 mM KCl, 5% glycerol, 0.5 mM dithiothreitol
[DTT], 1X Complete Mini EDTA-free protease inhibitor [Roche], 40
U/ml recombinant RNase inhibitor [TaKaRa]) and were cut with a 25-
gauge needle. Worms were flash-frozen and lysed using a tissue grinder
and pestle. Lysates were centrifuged at 40 X g for 30 s at 4°C. The super-
natant was centrifuged at 2,000 X g for 5 min at 4°C. The pellet and
supernatant were defined as the nuclear and cytoplasmic fractions, re-
spectively. One-tenth of each fraction was used for Western blotting, and
the rest was used for RT-PCR analysis.

Northern blot analysis. Total RNA (0.5 g per lane) was separated on
a formaldehyde-containing 1% agarose gel, transferred to a nitrocellulose
membrane, and hybridized with digoxigenin-labeled antisense RNA
probes. The RNA probes were synthesized with digoxigenin-UTP using
T3 RNA polymerase (Stratagene). The tra-2 probe (785 bp) corresponds
to nucleotides 3643 to 4428 in its cDNA sequence. The Y14 and mag-1
probes correspond to their entire coding regions.

In situ hybridization. Worms were cut with a 25-gauge needle in
phosphate-buffered saline (PBS) on MAS-coated glass slides (Matsunami
Glass). Freeze-cracked dissected gonads were fixed as described previ-
ously (46) with the exception that a modified fixative (100 mM K,HPO, at
pH 7.2, 0.25% glutaraldehyde, 3% formaldehyde) was used. Antisense
RNA probes were synthesized with digoxigenin-UTP using T3 or T7 RNA
polymerase. The tra-2 intron 20 probe (473 bp) corresponds to nucleo-
tides 7985 to 8458 in C15F1.3. The ama-1 intron 12 probe (528 bp) cor-
responds to nucleotides 18318 to 18846 in F36A4. The ife-4 intron 1 probe
(273 bp) corresponds to nucleotides 3259 to 3531 in C05D9. Hybridized
digoxigenin-labeled probes were detected with antidigoxigenin-Cy3 anti-
body (Jackson ImmunoResearch Laboratory). Stained worms were
mounted with FluorSave (Calbiochem). Fluorescence signals were ana-
lyzed by using NIH Image] software with the rectangular scan function.
The y axis of the rectangle was positioned to intersect a nucleus. Vertically
averaged pixel intensities were obtained using the Plot Profile feature and
plotted with Adobe Illustrator. To quantify the ratios of the cytoplasmic to
nuclear RNA, averages of the pixel intensities were calculated for the cy-
toplasm and nucleus of each of five cells in at least two independent stain-
ing experiments. The border between the nucleus and cytoplasm was de-
termined by the fluorescence intensity of DRAQS5 (eBioscience).

Western blot analysis. RNAi-treated adult worms were washed with
and sonicated in buffer A (50 mM Tris-HCl at pH 7.5, 25 mM KCl, 5 mM
MgCl,). Worm extracts were centrifuged at 14,000 rpm for 10 min, and
the concentration of the supernatants was determined by Bradford assay.
The worm extracts (50 ng) were boiled for 2 to 3 min in SDS sample
buffer, separated by electrophoresis on a 10% SDS-polyacrylamide gel,
and transferred to an Immobilon P transfer membrane. Anti-TRA-2 ICD
(0.2 pg/ml), antifibrillarin (1:500, 38F3; EnCor), anti-HA (1:1,000;
Bethyl) and anti-histone H4 (0.02 pg/ml) primary antibodies were di-
luted in PBS, 1% skim milk and 3% goat serum. Peroxidase-conjugated
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FIG 1 Y14 and MAG-1 are required for proper tra-2 expression. (A) Adult gonad arms of adult hermaphrodites subjected to RNAi as indicated were dissected
and stained with the anti-MSP antibody to visualize sperm (green) and the anti-RME-2 antibody to visualize oocytes (red), shown as merged views (top). DAPI
(4',6'-diamidino-2-phenylindole)-stained views of the same gonad arms are shown to visualize DNA (bottom). Scale bars, 50 wm. (B) Germ cells at the
pachytene stage in adult gonad arms dissected from adult hermaphrodites that had been subjected to RNAIi as indicated were stained with the anti-TRA-2 ICD
antibody (green) and DAPI (magenta), shown as merged views (top). Separate views of the same cells are also shown (middle and bottom). Scale bar, 3 pm.

secondary antibodies were used at a dilution of 1:5,000. Signals were de-
veloped using ImmunoStar LD (Wako) and detected using ImageQuant
LAS4000 (GE Healthcare).

Immunostaining. Immunostaining was performed as described pre-
viously (47). Briefly, dissected gonads were fixed with 3% formaldehyde in
100 mM K,HPO, at pH 7.2 for 1 h, followed by cold methanol (—30°C)
for 5 min. Fixed gonads were incubated overnight at room temperature
with the following primary antibodies: anti-TRA-2 ICD (1 pg/ml), anti-
RME-2 (1:50), anti-major sperm protein (anti-MSP) (1:40), and anti-HA
tag (1:1,000) antibody, all diluted in PBS with 1 mg/ml bovine serum
albumin. Alexa Fluor 488- or 546-conjugated secondary antibodies were
used at a dilution of 1:800. Phalloidin CF488A (Biotium) was used at a
dilution of 1:20. Stained worms were mounted in FluorSave (Calbi-
ochem). The anti-TRA-2 antibody and the anti-RME-2 antibody were
generously provided by Hiroyuki Kawahara (Tokyo Metropolitan Uni-
versity) and Barth Grant (Rutgers University), respectively.

Immunoprecipitation. Immunoprecipitation was performed as de-
scribed previously (30), with the following modifications. To detect the
interaction between Y14 and RNAs, Complete Mini EDTA-free protease
inhibitor (Roche), recombinant RNase inhibitor (TaKaRa), and Turbo
DNase (Ambion) were added to IPP150 buffer (10 mM Tris-HCI at pH
8.0, 150 mM NaCl, 0.1% NP-40). To detect the interaction between Y14
and IBP160:HA, worms expressing Y14-ZZ-GFP (or ZZ-GFP) and
IBP160::HA were lysed in the pulldown buffer (50 mM Tris-HCI at pH
8.0, 100 mM NaCl, 0.1% NP-40, Complete Mini EDTA-free protease
inhibitor). The lysates were supplemented with 50 U/ml micrococcal nu-
clease and 1 mM CaCl, and incubated at 4°C for 2 h.

Drug treatment. RNAi-treated third-larval-stage (L3) animals were
incubated with 100 ng/ml leptomycin B (LMB) and 1% ethanol in M9
buffer or with 1% ethanol in M9 buffer alone for 10 h at 20°C and then
transferred to NGM plates and recovered overnight. L4 animals were in-
cubated with 2.5 pg/ml spliceostatin A (SSA) and 2.5% methanol in M9
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buffer or with 1% methanol in M9 buffer alone for 5 h at 20°C. LMB and
SSA were generously provided by Minoru Yoshida (Riken Asi).

Microscopy. An Olympus BX51 microscope or an Olympus FV1000
confocal microscope was used to acquire images. Adobe Photoshop CS4,
Adobe Ilustrator 10.0.3, and NIH Image]J software were used to process
the images.

RESULTS

Depletion of Y14 or MAG-1 inhibits the proper expression of
the TRA-2 protein. To examine how Y14 affects germ line sex
determination in C. elegans, we performed epistasis RNAi analysis
using Y14 and the known sex determination genes (see Fig. S1A in
the supplemental material). Soaking RNAI treatment at the first
larval stage (L1) was adopted in most RNAi experiments in this
study to avoid embryonic lethality, because Y14 is essential for
embryogenesis (30). Simultaneous RNAi of Y14 and her-1 [re-
ferred to here as YI4(RNA1); her-1(RNA1i)] resulted in most ani-
mals producing only sperm, similar to YI14(RNAi) and mag-
I(RNAi), whereas Y14(RNAi); fem-3(RNAi) resulted in most
animals producing only oocytes, similar to fern-3(RNAi) (Fig. 1A;
also see Fig. S1B and C in the supplemental material). These re-
sults indicate that Y14 acts between her-1 and fem-3 in germ line
sex determination. Because fra-2 acts between her-1 and fem-3 to
promote oogenesis (32), we tested whether Y14 is required for
properly expressing the TRA-2 protein. TRA-2 is essentially a
membrane-bound protein, and the TRA-2 intracellular domain
(ICD) generated by cleavage with TRA-3 protease enters the nu-
cleus and functions as an oogenesis-promoting transcriptional
regulator (48-50). Immunofluorescence analysis of the gonads
using an anti-TRA-2 ICD antibody clearly detected fluorescence
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FIG 2 Aberrant tra-2s RNA causes germ line masculinization. (A) Northern blot analysis of tra-2 RNA expression in the adult hermaphrodites subjected to RNAi
as indicated. Two major mRNAs, tra-2a (~4.7 kb) and tra-2c (~1.8 kb), which encode the functional TRA-2 isoforms, were observed in the control worms. tra-2s
RNA (~800 nucleotides) appeared specifically in Y14(RNAi) and mag-1(RNAi) animals. 40S rRNA was used as a loading control. (B) Schematic representation
of the tra-2s transgene. The coding sequence of fra-2s cDNA was fused with the HA tag sequence and cloned into an expression vector containing the pie-1
promoter and the tbb-2 3" untranslated region (UTR). (C) Gonad arms were dissected from transgenic animals expressing dsRed alone (top) or both dsRed and
TRA-2S::HA (bottom) and stained with anti-HA tag antibody (left) and DAPI (middle). Nomarski views of the same gonad arms are also shown (right). Embryos
are surrounded by dotted lines, and oocyte nuclei are indicated by arrowheads. Scale bars, 60 wm. Note that excess sperm production is observed as small bright
dots in the DAPI-stained gonad arm from transgenic animals expressing TRA-2S::HA. (D) Germ cells at the pachytene stage in gonad arms dissected from
transgenic animals expressing TRA-2S::HA were stained with the anti-HA tag antibody (green) and DAPI (magenta), shown as a merged view. Separate views of

the same cells are also shown, as well as a phalloidin-stained view to show the plasma membrane. Scale bar, 4 pm.

in the nucleus in control GFP(RNAI) animals, reflecting the pres-
ence of a functional TRA-2 ICD in the nucleus (Fig. 1B). In con-
trast, fluorescence was not detected in the nucleus but was re-
tained around the plasma membrane region in Y14(RNAi7) and
mag-1(RNAi) animals. The TRA-2 localization pattern in
YI14(RNAi) and mag-1(RNAi) animals suggested the absence of
the TRA-2 ICD in the germ cells of YI14(RNAi) and mag-1(RNA1)
animals. Western blot analysis of the total proteins from the whole
animals, however, showed that the TRA-2 ICD was present even in
YI14(RNAi) and mag-1(RNAi) animals, although the amount was
significantly lower than that in the control animals (see Fig. S1D in
the supplemental material). These results indicate that the level of
the TRA-2 ICD is not sufficient to promote oogenesis in the go-
nads of Y14(RNAi) and mag-1(RNAi) animals.

The unusual TRA-2S protein causes germ line masculiniza-
tion. We examined tra-2 mRNA expression in YI4(RNAi) and
mag-1(RNAi) animals by Northern blot analysis (Fig. 2A). Mature
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tra-2 mRNAs (full-length tra-2a and the oocyte-specific variant
tra-2c) decreased significantly in Y14(RNAi) and mag-1(RNA1)
animals compared to their amounts in the control animals, which
is consistent with the reduced amount of the TRA-2 ICD in these
animals (see Fig. S1D in the supplemental material). Instead, a
very short tra-2 RNA of ~800 nucleotides accumulated in
YI14(RNAi) and mag-1(RNAi) animals. The short tra-2 RNA was
detected with the probes containing exons 2 to 7 and exons 22 to
23 but not with the probe containing exons 16 to 19 (data not
shown). We therefore cloned this short tra-2 RNA by RT-PCR
using relevant primers followed by sequence analysis and found it
to be an unusual RNA (referred to as tra-2s) that was spliced
between the internal regions of exon 4 and exon 22 (see Fig. S2A in
the supplemental material). There were no GU or AG sequences
for conventional splicing in the donor and acceptor sites, but in-
stead, a short bipartite sequence, UUAUXXXXXCACC, is directly
repeated at the splice sites. Because tra-2s RNA potentially en-
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codes a short aberrant TRA-2 protein (referred to as TRA-2S), we
thought that the TRA-2S protein would be generated in
Y14(RNAi) and mag-1(RNAi) animals, in which it would cause
germ line masculinization. To test this possibility, a transgene ex-
pressing HA-tagged TRA-2S under the control of the germ line-
specific pie-1 promoter (pie-I::tra-2s:HA) was introduced into
hermaphrodites together with the transformation marker dsRed
under the control of the muscle-specific myo-3 promoter (#1yo-
3::dsRed), and their progeny were analyzed (Fig. 2B and C). When
myo-3::dsRed alone was introduced as a control, all of the dsRed-
positive progeny were fertile, which was clearly indicated by the
presence of oocytes and embryos in the gonads. In contrast, when
pie-1:tra-2s::HA was introduced with myo-3::dsRed, ~40% of the
dsRed-positive transformed progeny showed germ line masculin-
ization and became sterile; in other words, they produced excess
sperm but no oocytes or embryos, similar to YI4(RNAi) animals.
Most of the rest of the transformed progeny were still fertile but
showed less expression of the TRA-2S protein (see Fig. S2B in the
supplemental material). Immunofluorescence analysis of the go-
nads using an anti-HA tag antibody revealed that TRA-2S was
localized mainly around the plasma membrane region, as deter-
mined by phalloidin staining (Fig. 2D), similar to the pattern of
endogenous TRA-2 in Y14(RNAi) and mag-1(RNAi) animals (Fig.
1B). In addition, immunofluorescence analysis using an anti-
TRA-2 ICD antibody showed that endogenous TRA-2 was local-
ized mostly around the plasma membrane region of the sterile
transformed progeny expressing high levels of HA-tagged TRA-
2S, whereas it was detected in the nucleus of the fertile trans-
formed progeny expressing low levels of TRA-2S (see Fig. S2C).
These results indicate that relatively high expression of TRA-2S
inhibits the expression of the endogenous TRA-2 ICD and explain
germ line masculinization in Y14(RNAi) and mag-1(RNAi) ani-
mals, which expressed a significant amount of tra-2s RNA.
NXF-2 and XPO-1 are responsible for the premature export
of unspliced tra-2 RNA to the cytoplasm. To examine how tra-2s
RNA is produced, we analyzed tra-2 RNAs by RT-PCR using
primers for exons 2 and 7. We found that in addition to mature
tra-2 mRNA, completely unspliced tra-2 RNA that contained all
of the introns in the amplified region accumulated in Y14(RNA1)
animals (Fig. 3A), although detailed sequence analysis of the am-
plified products showed that partially spliced RNAs that con-
tained some of the introns were also detected. Unspliced tra-2
RNA with intron 20 was also detected in Y14(RNAi) animals. Be-
cause we adopted excess amplification conditions of RT-PCR in
these assays in order to see unspliced RNAs clearly, the amount of
spliced fra-2 mRNAs in Y14(RNAi) animals appeared to be equal
to that in the control animals. However, we confirmed significant
decrease of the spliced tra-2 mRNAs in Y14(RNAi) and mag-
I1(RNAi) animals under moderate amplification conditions of RT-
PCR and qRT-PCR, as observed in the Northern blot analysis (see
Fig. S3A and B in the supplemental material). To examine the
intracellular localization of the unspliced RNA, we performed in
situ hybridization analysis using tra-2 intron 20 as a probe. En-
hanced visualization revealed that the signal for this intron was
restricted within the nucleus, as expected. In contrast, an intense
signal for this intron was detected in the cytoplasm of both germ
line and somatic cells in Y14(RNA1) animals (Fig. 3B; also see Fig.
S3C in the supplemental material). Consistently, unspliced tra-2
RNA disappeared with simultaneous RNAi of tra-2 intron 20 (Fig.
3A). When tra-2 intron 1 was used as a probe, a similar intense
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signal for intron 1 was detected in the cytoplasm in Y14(RNA1)
animals (see Fig. S3D). As expected by the same germ line pheno-
type and appearance of tra-2s RNA, as in YI4(RNAi) animals,
unspliced fra-2 RNA accumulation and an intense intron signal in
the cytoplasm were observed in mag-1(RNAi) animals also (see
Fig. S3E and F). To confirm that the cytoplasmic intron signals are
derived from tra-2 unspliced RNA, we prepared the nuclear and
cytoplasmic fractions from YI14(RNAi) and mag-1(RNAi) animals
using two nuclear proteins, histone H4 (see Fig. S4A in the sup-
plemental material) and fibrillarin (data not shown) as fraction-
ation controls and examined tra-2 RNA in these fractions (see Fig.
S4B). As expected, a significant amount of unspliced fra-2 RNA
was detected in the cytoplasmic fractions prepared from
Y14(RNAi) and mag-1(RNAi) animals. These results indicate that
unspliced tra-2 RNA is leaked out to the cytoplasm when either
Y14 or MAG-1 is depleted.

To gain insight into the mechanism by which unspliced tra-2
RNA leaks out to the cytoplasm, we examined the effect of RNAi
on five genes encoding C. elegans export receptors: NXF-1 (homo-
logue of mammalian TAP) (51), NXF-2 (NXF-1-like protein)
(37), XPO-1 (homologue of exportin-1/CRM1), XPO-2 (homo-
logue of exportin-2/CAS), and XPO-3 (homologue of exportin-t)
(52). Interestingly, the accumulation of unspliced tra-2 RNA de-
creased significantly in Y14(RNAi); nxf-2(RNAi) and YI4(RNAi);
xpo-1(RNAi7) animals (Fig. 3A). In contrast, YI4(RNAi); xpo-
2(RNAi) and YI4(RNAi); xpo-3(RNAi7) animals did not show this
decrease in unspliced tra-2 RNA (see Fig. S5A in the supplemental
material). In the case of YI4(RNAi); nxf-1(RNAi) animals, we
could not analyze the level of unspliced tra-2 RNA using RT-PCR
because the animals showed severe growth retardation and lethal-
ity. To confirm the involvement of NXF-2 and XPO-1 in the leak-
age of unspliced tra-2 RNA to the cytoplasm, we performed in situ
hybridization using tra-2 intron 20 as a probe and found that the
cytoplasmic intron 20 signal decreased significantly, to the control
level, in YI4(RNAi); nxf-2(RNAi) and YI4(RNAi); xpo-1(RNA1)
animals but not in YI4(RNAi); nxf-1(RNAi), YI4(RNAi); xpo-
2(RNAi), and YI4(RNAi); xpo-3(RNAi) animals (Fig. 3B; also see
Fig. S5B in the supplemental material). In addition, treatment
of Y14(RNAi) animals with leptomycin B (LMB), a specific
inhibitor of XPO-1 (53), suppressed the cytoplasmic accumu-
lation of intron 20 (see Fig. S5C). The involvement of XPO-1 in
premature export of unspliced tra-2 RNA was also supported
by the fact that depletion of the nuclear cap-binding protein
CBP80, which is known to be required for U snRNA export by
the XPO-1 orthologue CRM1 (54, 55), suppresses the prema-
ture export of unspliced RNAs caused by Y14 depletion (see
Fig. S5D). These results suggest that unspliced tra-2 RNA in
YI14(RNAi) animals is mistakenly exported to the cytoplasm by
NXF-2 and XPO-1.

tra-2s RNA is produced by aberrant cytoplasmic splicing. We
hypothesized that tra-2s RNA is produced from unspliced tra-2
RNA that is prematurely exported to the cytoplasm. In support of
this idea, tra-2s RNA disappeared in Y14(RNAi); nxf-2(RNAi) and
YI14(RNAi); xpo-1(RNAi7) animals (Fig. 3C), indicating that un-
usual splicing of tra-2s occurs in the cytoplasm. It is known that
cytoplasmic splicing by interferon gene regulatory element 1
(IRE-1) during the unfolded protein response (UPR) is well con-
served in many organisms, including C. elegans (56). We therefore
thought that IRE-1 may be involved in the production of tra-2s
RNA and examined the effect of IRE-1 depletion. As expected,
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the intracellular distribution of the intron (bottom). Dotted lines indicate the borders between the nucleus and cytoplasm. The ratios of the cytoplasmic to
nuclear fluorescence intensities for tra-2 intron 20 for five cells were averaged to quantify the intracellular distribution of the intron, shown below (C/N
[cytoplasm/nucleus]). Scale bars, 4 wm. (C) Northern blot analysis of tra-2s RNA expression in adult hermaphrodites subjected to RNAi as indicated. 40S rRNA
was used as a loading control. (D) Gonad arms were dissected from adult hermaphrodites subjected to RNAI as indicated and stained with the anti-MSP antibody
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(green) and the anti-RME-2 antibody (red), shown as merged views (top). DAPI-stained views of the same gonad arms are also shown (bottom). Scale bars, 50 pm.

tra-2s RNA disappeared in Y14(RNAi); ire-1(RNA7) animals (Fig.
3C). Moreover, germ line masculinization was suppressed in these
double-RNAi-treated animals, similar to Y14(RNAi); tra-2 intron
20(RNA17) animals (Fig. 3D), and fertility was restored, except in
YI14(RNAi); xpo-1(RNAi7) animals, which showed underdevel-
oped gonads and fewer germ cells. It should be noted that nxf-
2(RNAi), xpo-1(RNAi), and ire-1(RNAi) animals did not show
germ line sex determination abnormalities (see Fig. SS5E in the
supplemental material). It is well known that xbp-1 mRNA is a
normal target of IRE-1 and that the cytoplasmically spliced xbp-1
mRNA encodes a key transcriptional regulator for the UPR. Thus,
suppression of germ line masculinization by ire- 1(RNA7) could be
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a secondary effect of the UPR (57). However, this is probably not
the case, because YI14(RNAi); xbp-1(RNAi) animals still showed
sterility, as in Y14(RNAi7) animals, whereas the Y14(RNAj) sterility
phenotype was suppressed by ire-1(RNAi) (see Fig. S5F). It should
also be noted that unspliced fra-2 RNA was still observed in
YI14(RNAi); ire-1(RNAi) animals (Fig. 3A), indicating that IRE-1
is not involved in the premature export of unspliced tra-2 RNA per
se. These results indicate that in the absence of Y14, unspliced
tra-2 RNA is misexported to the cytoplasm and then spliced to
tra-2s RNA, possibly by IRE-1.

Three core subunits and one auxiliary subunit of EJC are re-
quired for the nuclear retention of unspliced RNAs. To deter-

mcb.asm.org 449


http://mcb.asm.org

Shiimori et al.

A ¥
> & &
. NI
RNA:i: & I
ama-1 <
—
E2 ---[E5
- - G s o
) — =
g & 5 <
ife-4 <
— *
e L X
B ama-1intron12 ife-4intron1
RNAI:  control Y14 control Y14
intron
DNA
intron
intron RNA
distribution
C/NtSD  0.64+0.090 1.86+0.312 0.72+0.038 1.87+0.239

FIG 4 Y14 is required for the nuclear retention of unspliced RNAs. (A) RT-
PCR assays were performed to monitor the expression of ama- I and ife-4 in the
adult hermaphrodites subjected to RNAi as indicated. The primers used for
amplification are schematically shown on the left. Arrowheads indicate un-
spliced RNAs. The asterisk indicates a nonspecifically amplified product. (B)
In situ hybridization of mitotic cells within gonad arms dissected from
Y14(RNAi) hermaphrodites. Cells were probed with ama-1 intron 12 or ife-4
intron 1 (green), followed by DNA staining (magenta), shown as merged views
(top). Separate views of single cells probed with the introns are also shown
(middle). The intracellular distribution of the introns is shown as described in
the legend to Fig. 3B (bottom). Scale bars, 4 pm.

mine whether the leakage of unspliced RNA to the cytoplasm un-
der Y14(RNAi) or mag-1(RNAi) conditions is specific for tra-2, we
examined the splicing of other housekeeping genes. To our sur-
prise, similar unspliced RNA accumulation was observed in
YI14(RNAi) animals for the ama-1 gene encoding the RNA poly-
merase II large subunit and the ife-4 gene encoding translation
initiation factor eIF4E (Fig. 4A; also see Fig. S4B in the supplemen-
tal material). Moreover, the unspliced RNA accumulation of these
genes was suppressed by simultaneous RNAi of nxf-2 or xpo-1. We
performed in situ hybridization using intron probes of these genes
and confirmed that, similar to the case of tra-2, the unspliced
RNAs of these genes leaked out to the cytoplasm in Y14(RNA1)
animals (Fig. 4B). Subcellular fractionation revealed that un-
spliced RNAs were clearly detected in the cytoplasmic fractions
prepared from YI14(RNAi) and mag-1(RNAi) animals but not in
the cytoplasmic fraction prepared from the control animals. In
addition, the excised intron 12 lariat of ama-1 was confined even
in the nuclear fractions prepared from YI4(RNAi) and mag-
I(RNAi) animals (see Fig. S4B). These results confirm that the in
situ cytoplasmic intron signals were derived from unspliced
RNAs. Unspliced RNA accumulation was also observed with al-
most all genes examined in YI4(RNAi) animals, irrespective of
single-intron- or multi-intron-containing genes (see Fig. S6 in the
supplemental material).
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It is unlikely that these unspliced RNAs in Y14(RNAi) animals
accumulate by impairment of the NMD pathway, because it was
reported that EJC is not required for NMD in C. elegans (58). We
also confirmed the dispensability of Y14 for NMD in C. elegans;
Y14 is not required for the NMD-regulated rsp-6 expression (see
Fig. S7A in the supplemental material) (59). On the contrary, cy-
toplasmically leaked unspliced RNAs seem to escape NMD, be-
cause the amount of unspliced fra-2 RNA did not change signifi-
cantly in the smg mutants, which are deficient for NMD (60) (see
Fig. S7B). In addition, the cytoplasmic leakage of unspliced RNAs
is not due to simple splicing defects, because unspliced fra-2 RNA
accumulated but was retained in the nucleus when U1-70k (a U1
snRNP component) or PRP8 (a U5 snRNP component) was de-
pleted (see Fig. S7C and D).

To uncover the contribution of other EJC subunits to the nu-
clear retention of unspliced RNAs, we identified 10 EJC subunit
homologues in addition to Y14 and MAG-1 in C. elegans and
examined the effect of RNAi on these genes (Fig. 5A; also see Table
S1 in the supplemental material). The accumulation of unspliced
RNAs was observed in eIF4AIII(RNAi) and UAP56(RNAi) ani-
mals but not in other RNAi-treated animals. In situ hybridization
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using tra-2 intron 20 as a probe confirmed that the unspliced
RNAs were leaked to the cytoplasm in eIF4AIII(RNAi) and
UAP56(RNAi) animals (Fig. 5B). Because elF4AIII(RNAi) and
UAP56(RNAi) animals showed severe lethality, we performed
RNAI for these genes under the 77f-1 mutant background to min-
imize the RNAI effect in somatic cells and examined the germ line
phenotype (61, 62). Under the rrf-I1 mutant background, the germ
line masculinization phenotype was observed in eIF4AIII(RNAi)
animals (see Fig. S8A in the supplemental material), but the germ
cells did not enter meiosis in UAP56(RNAi) animals, suggesting
an important role of UAP56 in the mitosis-meiosis transition.
Taken together, these results indicate that at least three core sub-
units (Y14, MAG-1, and eIF4AIIl) and one auxiliary subunit
(UAP56) of EJC are required for the nuclear retention of un-
spliced RNAs in C. elegans.

It was recently shown that a splicing factor, CWC22, promotes
the assembly of e[F4AIII to EJC in mammalian cells and Drosoph-
ila (63, 64). We therefore examined the effect of depletion of C.
elegans CWC22 and found that CWC22(RNA1) animals showed
germ line masculinization and cytoplasmic leakage of unspliced
RNA under the rrf-1 background (see Fig. S8B, C, and D in the
supplemental material), like YI14(RNAi), mag-1(RNAi), and
elF4AIII(RNAi) animals, supporting an important role of EJC
core subunits in the nuclear retention of unspliced RNAs.

Interactions of Y14 with several splicing factors and pre-
mRNA. It was reported that inhibition of SF3b, which is an essen-
tial component of U2 snRNP, resulted in unspliced RNA leakage
to the cytoplasm in yeast and mammalian cells (65-67). To deter-
mine whether this occurs in C. elegans, we depleted the SAP130
homologue, a component of SF3b. Although SAP130(RNA1) re-
sulted in severe growth retardation and morphological abnormal-
ities, we observed germ line masculinization and leakage of un-
spliced tra-2 RNA into the cytoplasm in SAP130(RNAi7) animals
(Fig. 6A, B, and C), similar to YI4(RNAi) animals. Consistently,
treatment of wild-type animals with spliceostatin A, a specific in-
hibitor of SF3b (65), showed essentially the same results as the
depletion of SAP130 (see Fig. S9A and B in the supplemental ma-
terial). It was also reported previously that a weak loss-of-function
mutation of SAP130 caused germ line masculinization (68). These
results indicate that SF3b is required for the nuclear retention of
unspliced RNAs in C. elegans as well. We therefore examined the
interaction between Y14 and SAP130. To do so, we took advantage
of the sterility phenotype upon RNAi (Fig. 6D). At a very low
concentration of SAP130 dsRNA, SAP130(RNAi) animals grew to
adulthood and ~40% showed sterility. At the same dsRNA con-
centration, SAP130(RNAi) enhanced the sterility phenotype of
Y14(RNAi) animals.

It was also reported that IBP160, an intron-associated protein,
is required for EJC loading on mRNA in mammalian cells (38).
We thus examined the effect of RNAi of the IBP160 homologue on
the sterility phenotype of YI4(RNAi) animals (Fig. 6D).
IBP160(RNAi) animals grew to adulthood and showed no steril-
ity, but IBP160(RNAi) strongly enhanced the sterility phenotype
conferred by YI4(RNAi). We also found that depletion of a ubiq-
uitin ligase PRP19 homologue showed a similar enhancing effect
on the sterility phenotype conferred by YI4(RNAi) (Fig. 6D).
PRP19 is known to be required for remodeling snRNA interac-
tions during splicing and to associate with other proteins, includ-
ing a stable interaction with CDC5L and a weak interaction with
CTNNBLI (69-71). We therefore examined the effects of the two

January 2013 Volume 33 Number 2

Role of EJC in Nuclear Retention of Unspliced RNAs

PRP19-interacting protein homologues and found that depleting
the CDC5L homologue showed sterility by itself and enhanced the
sterility phenotype resulting from Y14(RNAi), similar to the de-
pletion of SAP130, while depleting the CTNNBL1 homologue did
not show any effect on sterility, suggesting an interaction of the
stable PRP19 complex with Y14 (Fig. 6D). Moreover, accumula-
tion and leakage of unspliced tra-2 RNA to the cytoplasm were
observed in IBP160(RNA7); PRP19(RNAi) animals (Fig. 6B and
C), although the double-RNAi-treated animals showed severe
growth retardation and arrest in larval stages, indicating involve-
ment of IBP160 and PRP19 in the nuclear retention of unspliced
RNA.

To confirm the functional interaction of Y14 with SAP130 and
CDC5L, we further examined the sterility phenotype under lower
concentrations of double-stranded RNAs using the rrf-1 mutant
strain, in which the effect of RNAi can be reduced in somatic cells
(Fig. 6E). Under these conditions, YI4(RNAi), SAP130(RNAi),
and CDC5L(RNAi) animals showed 16%, 11%, and 3% sterility,
respectively. In contrast, YI4(RNA17); SAP130(RNAi) and Y14(RNAi);
CDCS5L(RNAi) animals showed 96% and 48% sterility, respec-
tively. The much higher extent of sterility in double-RNAi-treated
than in single-RNAi-treated animals indicates that interactions of
Y14 with SAP130 and CDC5L are synergistic. Taken together,
these results strongly suggest that Y14 functionally interacts with
SF3b, IBP160, PRP19, and CDC5L to achieve nuclear retention of
unspliced RNAs.

We next examined the physical interactions of Y14 with spli-
ceosome components using a strain stably expressing the Y14-ZZ-
GFP fusion protein, which can be functionally substituted for en-
dogenous Y14 (30). Consistent with the requirement for nuclear
retention of unspliced RNAs, cell lysates from rmag-1(RNAi),
eIF4AIII(RNA1), and IBP160(RNAi); PRP19(RNAi) animals accu-
mulated unspliced RNAs for both ama-1 and tra-2 (Fig. 7A, left).
Pulldown of Y14-ZZ-GFP using the affinity of its ZZ tag to IgG
coprecipitated spliced mRNA for both ama-1 and tra-2 but not
histone H2A mRNA, whose gene has no intron (Fig. 7A, right).
The interaction of Y14 with mRNAs of genes that have introns
reflects the well-known nature of EJC. Interestingly, Y14-ZZ-GFP
also coprecipitated both pre-mRNA and spliceosomal snRNAs;
U2 snRNA was highly enriched in the precipitates, indicating that
of the spliceosomal snRNPs, U2 snRNP preferentially interacts
with Y14 (Fig. 7A and B). This is consistent with the finding that
three EJC core subunits, including Y14, are already present in the
B and C splicing complexes (72). Splice leader RNAs for trans-
splicing in C. elegans were hardly detectable in the Y14 precipitates
(data not shown). These results suggest that Y14 seems to be lo-
cated near the branch point and the 3’ splice site of pre-mRNA.
Importantly, coprecipitation of pre-mRNAs and snRNAs with
Y14-ZZ-GFP did not occur upon depletion of either MAG-1 or
eIF4AIlI or depletion of both IBP160 and PRP19; however, deple-
tion of RNPS1, one of the auxiliary subunits of EJC, did not affect
the coprecipitation of pre-mRNA and snRNAs, indicating that the
Y14 interaction with both pre-mRNAs and snRNAs is relevant
and closely correlated with the nuclear retention of unspliced
RNAs by specific EJC subunits (Fig. 5A).

To examine whether Y14 physically interacts with IBP160, we
established a transgenic strain expressing HA-tagged IBP160. Im-
munoprecipitation of HA-tagged IBP160 coprecipitated introns,
including a lariat intron as well as U2 snRNA but not intronless
histone H2A mRNA (see Fig. S10 in the supplemental material),
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FIG 6 The splicing factors required for the nuclear retention of unspliced RNAs and their interactions with Y14. (A) Gonad arms were dissected from
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of mitotic cells within gonad arms dissected from SAP130(RNAi) and IBP160(RNAi); PRPI9(RNAi) hermaphrodites. Cells were probed with tra-2 intron 20
(green), followed by DNA staining (magenta), shown as merged views (top). Separate views of single cells probed with the intron are also shown (middle). The
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indicating that IBP160 associates with introns during pre-mRNA
splicing in C. elegans, the same as in mammalian cells (38). We
then established a transgenic strain expressing both HA-tagged
IBP160 and Y14-ZZ-GFP and examined the interaction between
these proteins. Pulldown of Y14-ZZ-GFP coprecipitated HA-
tagged IBP160 irrespective of the presence of RNase (Fig. 7C).
Taken together, these results indicate that three core subunits
(Y14, MAG-1, and eIF4AIIl) and possibly an auxiliary subunit
(UAP56) of EJC form a functional complex and interact with the
spliceosome, possibly through the association with U2 snRNP,
depending on the presence of IBP160 and PRP19. Therefore, we
suggest that functional interactions of the EJC subunits and spe-
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cific splicing factors are required for the nuclear retention of un-
spliced RNAs in C. elegans.

DISCUSSION

Aberrant cytoplasmic splicing of tra-2 RNA. In this study, we
clarified the reason why the two EJC core subunits Y14 and
MAG-1 are required for proper germ line sex determination in C.
elegans. In the absence of either Y14 or MAG-1, intron-containing
tra-2 RNA is leaked out to the cytoplasm and then aberrantly
spliced to tra-2s RNA, possibly by IRE-1 (Fig. 2 and 3). It seems
that tra-2s RNA is translated into a dominant-negative form of
TRA-2 (TRA-2S), which inhibits the proper expression of the
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FIG 7 Y14 interacts with pre-mRNA, spliceosomal snRNAs, and IBP160. (A)
Pulldown assays for the identification of RNAs associated with Y14. Y14-ZZ-
GFP was pulled down from cell lysates of animals subjected to RNAi as indi-
cated, using the affinity of the ZZ tag to IgG, and the precipitates were analyzed
by RT-PCR. The primer pairs used for amplification are schematically shown
on the left. (B) Precipitates from the experiment whose results are shown in
panel A were analyzed using the primers for five splicecosomal snRNAs. The
relative enrichment of each snRNA in the precipitate from the control animals
is shown on the right. (C) Pulldown assays to detect the physical interaction of
Y14 with IBP160. Y14-ZZ-GFP was pulled down from cell lysates of animals
expressing HA-tagged IBP160 in the presence or absence of RNase treatment,
followed by Western blot analysis using the anti-HA tag antibody. IP, immu-
noprecipitate.

TRA-2 ICD in germ cells (Fig. 2; also see Fig. S2 in the supplemen-
tal material), leading to germ line masculinization as a result of
blocking the switch from spermatogenesis to oogenesis. Although
we do not know the detailed mechanism by which TRA-2S inhib-
its the expression of the TRA-2 ICD, TRA-2S might inhibit the
protease activity of TRA-3 as a pseudosubstrate to prevent the
production of the TRA-2 ICD. Alternatively, TRA-2S might an-
chor the TRA-2 ICD around the plasma membrane region to
block its transcriptional regulation activity in the nucleus. Despite
the dominant-negative function of TRA-2S, the depletion of Y14
affected the sexual differentiation of only germ line cells and not
somatic cells. This result may be explained by the fact that germ
line cells begin to proliferate during postembryonic stages and
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should be susceptible to the effects of RNAi at L1, while the sexual
differentiation of somatic cells is mostly determined during em-
bryonic stages (73).

Aberrant cytoplasmic splicing of unspliced tra-2 RNA occurs
between two short bipartite direct repeat sequences, UUAUXXX
XXCACG, so that the upstream repeat sequence is retained in the
spliced product, as determined by sequence comparison between
tra-2s RNA and its corresponding genomic region (see Fig. S2A in
the supplemental material). This aberrant cytoplasmic splicing
seems to be catalyzed by IRE-1, because production of tra-2s RNA
was suppressed by depletion of IRE-1 (Fig. 3C). However, we did
not find any distinct similarity in the primary sequences or sec-
ondary structures between the tra-2 gene and the xbp-1 gene, an
authentic target gene of IRE-1, although short repeat sequences
exist around the splice sites of xbp-1 RNA in humans, mice, Dro-
sophila, and C. elegans (74, 75).

Surveillance and nuclear retention of intron-containing
RNAs by pre-EJC. Our results also reveal a critical and important
function of three EJC core subunits for the nuclear retention of
intron-containing RNAs in C. elegans. Depletion of Y14, MAG-1,
or eIF4AIII does not seem to affect splicing per se, because fully
spliced product was observed with all genes examined in this
study. Nevertheless, completely unspliced or partially spliced
RNAs were prematurely exported to the cytoplasm in the absence
of the core subunits, except for Barentz/MLN51, or an auxiliary
subunit of EJC, UAP56 (Fig. 3 to 5; also see Fig. S3 in the supple-
mental material), which suggests that these EJC subunits form a
complex and participate in a surveillance system for splicing com-
pletion in the nucleus. In this respect, UAP56 was shown to func-
tion in coupling pre-mRNA splicing with subsequent mRNA ex-
port through its interaction with another EJC subunit, Aly/REF
(76=79). In C. elegans, UAP56 was shown to be required for
mRNA export as well (80, 81). It was shown that Barentz partici-
pates in EJC after splicing, whereas three other EJC core subunits
are recruited to the spliceosome before splicing (16, 18). These
findings suggest that Barentz has a slightly different function than
other EJC core subunits.

It is very likely that interactions between the four EJC subunits
and several splicing factors are responsible for the surveillance
system, because IBP160, PRP19, and SF3b are involved in the
nuclear retention of unspliced RNAs and interact functionally
with Y14 (Fig. 6). Furthermore, Y14 associates with pre-mRNA
and spliceosomal snRNAs, especially U2 snRNA, and this Y14
association depends on IBP160 and PRP19, as well as two EJC core
subunits, MAG-1 and eIF4AIII (Fig. 7A and B). In this respect, it
was recently shown that a splicing factor, CWC22, promotes the
assembly of eIF4AIlI to EJC (63, 64) and that the recruitment of
CWC22 to the spliceosome is dependent upon the PRP19 com-
plex (82). We also show that C. elegans CWC22 is involved in the
nuclear retention of unspliced RNAs (see Fig. S8 in the supple-
mental material). These findings consequently support our results
that PRP19 is involved in the nuclear RNA surveillance system.
During the methylation of Sm proteins of U snRNPs, association
of Y14 with spliceosomal snRNAs was also reported in a mamma-
lian cell line, but in this case, preferential association of U2 snRNA
was not observed (83). The EJC subunits may interact with the
spliceosome through U2 snRNP at a very early stage in pre-mRNA

splicing, because UAP56 was shown to be involved in U2 snRNP
recruitment to pre-mRNA (76). We also showed that Y14 physi-
cally interacts with IBP160 independent of the presence of RNA
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FIG 8 Model for the nuclear retention of unspliced RNAs through the interaction between pre-EJC and the spliceosome. Pre-EJC (Y14, MAG-1, eIF4AIIl, and
UAPS56) is recruited onto introns that are committed to be spliced with the help of the IBP160 and PRP19 complex. Pre-EJC interacts with the spliceosome
through U2 snRNP, and this interaction is recognized by one or more factors that anchor the complex in the nucleus. After removing all introns to be spliced, the
spliceosomes release, and at the same time, the pre-EJCs translocate onto exon junctions as EJCs. Here, nuclear retention through pre-EJC is cancelled, and the

fully spliced mRNA is exported by the nuclear export receptor TAP/NXF-1.

(Fig. 7C). The results strongly suggest that Y14 associates with
introns through the intron-binding activity of IBP160 during pre-
mRNA splicing (see Fig. S10 in the supplemental material). We
therefore propose a model in which three EJC core subunits and
UAP56 form a complex (referred to as pre-EJC) that is recruited
with the help of IBP160 and PRP19 onto introns that are commit-
ted to be spliced and interacts with U2 snRNP in C. elegans (Fig. 8).
In this model, the interaction of pre-EJC with the spliceosome
through U2 snRNP is an important signal for the nuclear reten-
tion of unspliced RNAs, although the mechanism possibly needs
additional factors that recognize and anchor the complex of pre-
EJC and the spliceosome within the nucleus. Once the introns are
removed, spliceosomes containing a lariat intron dissociate from
the spliced exons, and pre-EJCs translocate onto the exon junction
to form EJCs with other auxiliary factors. Finally, conversion of all
pre-EJC to EJC, which means that splicing is completed for all
introns, permits TAP/NXF-1-dependent mRNA export to the cy-
toplasm. It should be noted that in this model, alternatively regu-
lated introns are free from nuclear retention, because the spliceo-
some formation and pre-EJC recruitment would not occur on
such introns.

Premature export of unspliced RNAs by NXF-2 and XPO-1.
Our results also indicate that in the absence of pre-EJC, unspliced
RNAs are prematurely exported to the cytoplasm, an event that
depends on the activity of XPO-1 and NXF-2 (Fig. 3 and 4).
XPO-1 is the C. elegans homologue of CRM1, which is known to
be the export receptor for nuclear export signal-containing pro-
teins, U snRNAs, and the large and small subunits of the ribosome
in many organisms (52, 84). It is possible that XPO-1 mistakenly
recognizes and exports unspliced RNAs as authentic cargo U
snRNAs, which is consistent with the requirement of the nuclear
cap binding protein CBP80 for the premature export of unspliced
RNAs (Fig. 4D). However, different from the U snRNA export, the
leakage of unspliced RNAs by pre-EJC dysfunction does not re-
quire PHAX, an adaptor protein for cap-dependent U snRNA
export (data not shown). In this respect, it was reported that
XPO-1 and CBP80 but not PHAX are involved in the biogenesis of
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microRNAs in C. elegans (52), raising an interesting possibility of
misrecognition of unspliced RNAs by the pre-microRNA export
machinery. Considering that the premature export of unspliced
RNAs was suppressed by depletion of either XPO-1 or NXF-2, the
two export receptors may act together to recognize and prema-
turely export unspliced RNAs if the RNA surveillance system by
the pre-EJC formation does not work. NXF-2 was reported as an
export receptor for tra-2 mRNA, whose depletion leads to the
derepression of tra-2 mRNA translation, thereby leading to germ
line feminization in C. elegans (35). In our hands, however, deple-
tion of NXF-2 at the postembryonic stage did not show any visible
germ line phenotypes (see Fig. S5E in the supplemental material).
Interestingly, prematurely exported unspliced RNAs did not seem
to undergo NMD (see Fig. S7B in the supplemental material),
implicating TAP/NXF-1-dependent mRNA export in the effi-
ciency of subsequent NMD.
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