In vivo recruitment of exon junction complex proteins
to transcription sites in mammalian cell nuclei
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ABSTRACT

Studies over the past years indicate that there is extensive coupling between nuclear export of mRNA and pre-mRNA processing.
Here, we visualized the distribution of exon junction complex (EJC) proteins and RNA export factors relative to sites of abundant
pre-mRNA synthesis in the nucleus. We analyzed both Hela cells infected with adenovirus and murine erythroleukemia (MEL)
cells stably transfected with the human B-globin gene. Using in situ hybridization and confocal microscopy, we observe
accumulation of EJC proteins (REF/Aly, Y14, SRm160, UAP56, RNPS1, and Magoh) and core spliceosome components (U
snRNPs) at sites of transcription. This suggests that EJC proteins bind stably to pre-mRNA cotranscriptionally. No concentration
of the export factors NXF1/TAP, p15, and Dbp5 was detected on nascent transcripts, arguing that in mammalian cells these
proteins bind the mRNA shortly before or after release from the sites of transcription. These results also suggest that binding of
EJC proteins to the mRNA is not sufficient to recruit TAP-p15, consistent with recent findings showing that the EJC does not play
a crucial role in mRNA export. Contrasting to the results obtained in MEL cells expressing normal human B-globin transcripts,
mutant pre-mRNAs defective in splicing and 3’end processing do not colocalize with SRm160, REF, UAP56, or Sm proteins. This
shows that the accumulation of EJC proteins at transcription sites requires efficient processing of the nascent pre-mRNAs,
arguing that transcription per se is not sufficient for the stable assembly of the EJC.
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INTRODUCTION mRNAs as a consequence of splicing (Blencowe et al. 1998;
Mayeda et al. 1999; Kataoka et al. 2000; Le Hir et al
2000a,b; McGarvey et al. 2000; Zhou et al. 2000; Luo et al.
2001). SRm160 and RNPS1 were originally characterized as
activators of pre-mRNA splicing (Fleckner et al. 1997; Blen-
cowe et al. 1998; Mayeda et al. 1999). More recently,
SRm160 was shown to promote transcript 3'-end cleavage
(McCracken et al. 2002), whereas RNPS1 couples splicing to
nonsense-mediated decay (Lykke-Andersen et al. 2001).
Y14 is involved in mRNA quality control via the nonsense-
mediated mRNA decay (NMD) pathway (Lykke-Andersen
et al. 2001), and together with Mago, is required for the
proper cytoplasmic localization of oskar mRNA during Dro-
sophila development (Hachet and Ephrussi 2001; Mohr et
al. 2001). Y14 and Mago form a tight heterodimer in vivo
(Lau et al. 2003), and the association between the two pro-
teins is essential for function in NMD (Fribourg et al. 2003).

In eukaryotes, messenger RNAs are transcribed in the
nucleus as precursor forms (pre-mRNAs). Immediately
upon synthesis, nascent transcripts associate with proteins
forming ribonucleoprotein (RNP) particles, the protein
content of which evolves throughout the lifetime of a
mRNA (for a recent review, see Dreyfuss et al. 2002). The
proteins associated with messenger ribonucleoprotein par-
ticles (mRNPs) play key roles in all aspects of the RNA
metabolism, from nucleocytoplasmic transport to cytoplas-
mic localization, translational efficiency, and decay. In par-
ticular, a specific subset of proteins including SRm160,
RNPS1, Y14, Mago, DEK, REF/Aly, and UAP56 form the
exon junction complex (EJC), which associates with
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chaperone that regulates the activity of bZIP transcription
factors (Virbasius et al. 1999), and also as a factor that
facilitates the nuclear export of mRNA by interacting with
the export receptor NXF1/TAP (for review, see Reed and
Hurt 2002). UAP56 is a putative RNA helicase also impli-
cated as a splicing factor required for early spliceosome
assembly (Kistler and Guthrie 2001; Libri et al. 2001; Zhang
and Green 2001). Contrasting with NXF1/TAP and UAP56,
the depletion of which causes nuclear accumulation of
mRNA, REF/Aly, RNPS1, SRm160, and Y14 are dispensable
for bulk mRNA export (Gatfield and Izaurralde 2002; Long-
man et al. 2003; MacMorris et al. 2003). Accordingly, SR
proteins were identified recently as adaptors that, in addi-
tion to REF/Aly, can mediate the interaction between
NXF1/TAP and cellular mRNAs (Huang et al. 2003).

Translocation of mRNAs through the nuclear pore com-
plex requires binding of an heterodimer composed of
NXF1/TAP and NXT1/pl5 (Mex67 and Mtr2 in Saccharo-
myces cerevisiae). NXF1/TAP, which interacts both with
RNA-binding adapter proteins and components of the
nuclear pore complex, is believed to be the major receptor
for the export of mRNAs to the cytoplasm (for recent re-
views, see Izaurralde 2002; Lei and Silver 2002b; Reed and
Hurt 2002; Cullen 2003; Stutz and Izaurralde 2003). An-
other protein that interacts simultaneously with mRNPs
and nucleoporins is Dbp5/Rat8 (Snay-Hodge et al. 1998;
Tseng et al. 1998). Although in yeast Dbp5 is essential for
mRNA export to the cytoplasm (Snay-Hodge et al. 1998;
Tseng et al. 1998), depletion of the Drosophila homolog
of Dbp5 does not result in the bulk nuclear retention of
mRNAs (Gatfield et al. 2001).

How export-competent mRNPs assemble in the living
cell nucleus and travel to the nuclear pores remains poorly
understood. Here, we visualize the localization of EJC pro-
teins and mRNA export factors in the nucleus of mamma-
lian cells producing abundant pre-mRNA transcripts. First,
we analyzed HeLa cells infected with adenovirus, because
this virus recruits the host transcription and processing ma-
chinery to the sites of viral pre-mRNA synthesis (Jimenez-
Garcia and Spector 1993; Pombo et al. 1994). In addition,
we made use of murine erythroleukemia (MEL) cells stably
transfected with the human B-globin gene under the con-
trol of the locus control region (LCR). The human 3-globin
gene, which integrates in the host cell genome as a tandem
array, expresses at physiological levels upon induction of
MEL cells to undergo terminal erythroid differentiation
(Collis et al. 1990). Using in situ hybridization and confocal
microscopy, we observe colocalization of EJC proteins
(REF/Aly, Y14, SRm160, UAP56, RNPS1, and Magoh) and
core spliceosome components (U snRNPs) at sites in the
nucleus containing nascent adenoviral and B-globin tran-
scripts. In contrast, the export factors NXF1/TAP, p15, and
Dbp5 are not detected at sites of transcription. The results
further show that REF/Aly, SRm160, UAP56, and spliceo-
somal snRNPs fail to accumulate at the site of transcription

of a processing-defective B-globin mutant. Taken together,
these data suggest that EJC proteins bind cotranscription-
ally to mRNPs, and that efficient pre-mRNA processing is
required for assembly of EJC proteins onto nascent tran-
scripts in vivo.

RESULTS

Components of the EJC, but not NXF1/TAP, p15,
or Dbp5, are recruited to sites of adenoviral
transcription in the nucleus of infected Hela cells

Adenovirus type 2 (Ad2) causes a productive infection of
HeLa cells that proceeds through an infectious cycle of ~36
h. This cycle is conventionally divided into early and late
stages, separated by the onset of viral DNA replication (for
review, see Philipson et al. 1975). Adenoviruses enter the
host cells by receptor-mediated endocytosis, penetrate the
cytoplasm from endosomes, and deliver their DNA genome
into the nucleus (Greber et al. 1993). Upon entry in the
nucleus, transcription of the viral genome starts immedi-
ately, and the viral mRNAs transcribed at this early stage
direct the synthesis of a small number of proteins that pro-
mote viral DNA replication. After the onset of viral DNA
replication, which occurs at ~8 h post-infection, the re-
maining viral genomic information is expressed, yielding
large quantities of the structural proteins that will eventu-
ally constitute new virus particles (Philipson et al. 1975;
Flint 1986). During this period, the normal nuclear archi-
tecture undergoes a series of progressive changes (for re-
view, see Pombo and Carmo-Fonseca 1995). The replica-
tion of Ad DNA produces single-stranded intermediates
(ssDNA) that accumulate, forming viral inclusions in the
nucleoplasm. These inclusions are readily identified using
antibodies against the viral ssDNA-binding protein DBP.
Following incorporation of a modified uridine-analog, it is
possible to visualize by fluorescence microscopy the sites of
RNA synthesis in the nucleus (Pombo et al. 1994). In non-
infected cells, newly synthesized RNAs incorporating bro-
mouridine are detected widespread throughout the nucleo-
plasm (Fig. 1A). In infected cells, nascent transcripts form
ring-like structures (Fig. 1B) that surround the inclusions
containing viral ssDNA (Fig. 1C). Previous work has indi-
cated that these ring-like structures represent nascent viral
mRNA transcripts (Pombo et al. 1994).

Consistent with previous evidence for cotranscriptional
processing of pre-mRNA obtained in noninfected cells
(Beyer and Osheim 1988; LeMaire and Thummel 1990; Wu
et al. 1991; Xing et al. 1993; Bauren and Wieslander 1994;
Zhang et al. 1994; Tennyson et al. 1995; Bauren et al. 1996;
Huang and Spector 1996; Neugebauer and Roth 1997), in
situ evidence suggests that splicing of Ad mRNAs occurs
cotranscriptionally. Namely, spliceosome components in-
cluding snRNPs and non-snRNP splicing proteins are re-
cruited to the sites of viral mRNA synthesis (Pombo et al.

www.rnajournal.org 623



Custaodio et al.

FIGURE 1. Localization of EJC proteins in adenovirus-infected cells.
HelLa cells were either noninfected (A,D,G; non-inf) or infected with
adenovirus for 14-16 h (B,C,E,F,H-L; Ad2). To detect nascent tran-
scripts, cells were incubated with Br-U for 1 h (A-C). (C) A cell
double-labeled for nascent transcripts (red) and viral ssDNA inclu-
sions using anti-DBP antibody (green staining). To visualize spliceo-
some snRNPs, cells were immunolabeled with Y12 antibody directed
against Sm proteins (D,E). Spliced viral mRNAs were detected by in
situ hybridization using a probe (SJ1), which hybridizes with all
mRNAs encoded by the highly expressed adenovirus major late tran-
scription unit (Bridge et al. 1996) (F). The localization of EJC proteins
was determined in cells expressing GFP-Magoh (G,H), zzY14 (I),
GFP-UAP56 (J), GFP-RNPSI1 (K). The distribution of SRm160 was
visualized with specific rabbit polyclonal antibodies (L). Bar, 10 pm.

1994; Bridge et al. 1995; Gama-Carvalho et al. 1997, 2003).
Furthermore, spliced major late-viral mRNAs are detected
in the ring-like structures formed by the nascent transcripts
(Bridge et al. 1996; Gama-Carvalho et al. 2003, Fig. 1D-F).

Here we analyzed whether protein components of the
EJC become concentrated at sites of Ad transcription. The
results show that in noninfected cells, REF/Aly, Y14,
SRm160, UAP56, RNPS1, and Magoh are localized
throughout the nucleoplasm with higher concentration in
nuclear speckles, and excluding nucleoli (Fig. 1G; data not
shown), as previously described (Blencowe et al. 1998;
Loyer et al. 1998; Gatfield et al. 2001; Le Hir et al. 2001a;
Rodrigues et al. 2001). At 14-16 h post-infection, each of
these proteins is predominantly concentrated in ring-like
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structures (Fig. 1H-L). Double-labeling experiments con-
firm that EJC proteins colocalize with spliced Ad mRNA
and spliceosomal snRNPs at the ring-like structures formed
by nascent viral transcripts (Fig. 2A—C). In contrast to REF/
Aly, Y14, SRm160, UAP56, RNPS1, and Magoh, the protein
DEK appears more homogeneously distributed throughout
the nucleoplasm with less pronounced accumulation in ei-
ther nuclear speckles in noninfected cells or ring-like struc-
tures in Ad-infected cells (Fig. 2D-F).

Unlike EJC components, the proteins NXF1/TAP, pl5,
and Dbp5 do not accumulate in nuclear speckles of nonin-
fected cells, but rather, distribute homogeneously through-
out the nucleoplasm with higher concentration at the
nuclear rim (Schmitt et al. 1999; Bachi et al. 2000; Herold et
al. 2000). Following treatment with TritonX-100 prior to
fixation, the nucleoplasmic pool of NXF1/TAP, pl15, and
Dbp5 is largely solubilized and the proteins are predomi-
nantly detected at the nuclear rim (Fig. 3A—C). This local-
ization reflects interactions with the nuclear pore com-
plexes, as previously described (Schmitt et al. 1999; Bachi et
al. 2000; Herold et al. 2000). At 14-16 h after adenoviral
infection, NXF1/TAP, pl5, and Dbp5 remain predomi-
nantly localized at the nuclear rim (Fig. 3D-F). Neither of
these proteins is detected in the ring-like structures that
concentrate spliceosomal snRNPs (Fig. 3G-I).

In summary, our results show that REF/Aly, Y14,
SRm160, UAP56, RNPSI1, and Magoh are all recruited to
sites of adenoviral mRNA synthesis in the nucleus of in-

FIGURE 2. Colocalization of EJC proteins and spliceosomal snRNPs
in adenovirus-infected cells. (A-C) A superimposition of red and
green images corresponding to double-labeling experiments per-
formed in HeLa cells infected with adenovirus for 14-16 h. The dis-
tribution of EJC proteins is compared with that of spliceosomal
snRNPs (A,B) and spliced viral major late mRNAs (C). (A) Cells were
double labeled with antibodies directed against REF/Aly (green stain-
ing) and Sm proteins (red staining). (B) Cells expressing zzY14 (red
staining) were immunolabeled with an antibody specific for the U2
snRNP B’ protein (green staining). (C) Cells were immunolabeled
with anti-SRm160 antibodies (green staining) and hybridized with SJ1
probe (red staining). The distribution of DEK was analyzed by im-
munolabeling in noninfected (D) and infected (E) HeLa cells. The cell
depicted in E was double labeled with antibody Y12, specific for Sm
proteins (F).
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p15 j non-inf

FIGURE 3. Localization of NXF1/TAP, p15, and Dbp5 in adenovirus-
infected cells. HeLa cells were either noninfected (A—C; non-inf) or
infected with adenovirus for 14-16 h (D-I; Ad2). Cells were transiently
transfected with plasmids encoding GFP-TAP (4,D), zzp15 (B,E), and
GFP-Dbp5 (C,F). The cells depicted in D, E, and F were double
labeled with antibody Y12, specific for Sm proteins (G,H,I, respec-
tively). Bar, 10 um.

fected HeLa cells. In contrast, NXF1/TAP, p15, and Dbp5
are not detected at sites of viral transcription.

Components of the EJC, but not NXF1/TAP or p15,
are recruited to sites of B-globin transcription
in the nucleus of MEL cells

Having shown that EJC components accumulate at sites of
adenoviral transcription, we next sought to visualize re-
cruitment of these proteins to nascent cellular transcripts.
As a model system, we used murine erythroleukemia (MEL)
cells stably transfected with the human B-globin gene. The
clone used in this study (MELBWT) harbors ~14 copies of
the transgene as a tandem array (Custodio et al. 1999).
Detection of the human B-globin transcripts by FISH was
performed with a probe complementary to the transcribed
sequence of the gene (RNA probe, Fig. 4A, a). Expression of
the human B-globin transgenes was induced by dimethyl-
sulfoxide, which triggers terminal erythroid differentiation
of the MEL cells (Antoniou 1991). In cells induced for 2 d,
nascent 3-globin transcripts are detected as a focus in the
nucleus (Fig. 4A, b). After induction for 4 d, the cells con-
tain a focus in the nucleus corresponding to nascent 3-glo-
bin transcripts and additional cytoplasmic staining (Fig. 4A,
¢). To determine whether EJC proteins colocalize with na-
scent B-globin transcripts, MELBWT cells were induced to
differentiate and sequentially hybridized with the RNA

probe and immunolabeled with antibodies against SRm160
and REF (Fig. 4B, a and b). Alternatively, cells were trans-
fected with plasmids encoding tagged versions of Y14 and
UAP56 (Fig. 4B, c and d). The results indicate that each EJC
protein colocalizes with the B-globin RNA focus in the
nucleus. Quantification of the fluorescence intensity along a
line that spans the nucleus across the RNA focus shows
that the concentration of EJC proteins at the site of B-
globin transcription is higher than in surrounding areas of
the nucleoplasm (Fig 4B, a’—d’). Similar results were ob-
tained for MEL cells labeled with antibodies against Sm
proteins (Fig. 4C, a and a') or U2snRNP B’ protein (Fig.
4C, b and b’).

Next, MELBWT cells expressing tagged NXF1/TAP or
p15 were hybridized with the B-globin RNA probe (Fig. 4D,
a and b). NXF1/TAP and p15 are both detected homoge-
neously distributed throughout the nucleoplasm with
higher accumulation at the nuclear rim, reflecting interac-
tions with the nuclear pore complexes. Quantification of
the fluorescence intensity along a line across the RNA focus
clearly shows that NXF1/TAP and p15 do not concentrate at
the site of B-globin transcription (Fig. 4D, a’ and b’).

EJC proteins are not recruited by splicing-defective
mutant B-globin transcripts

Current biochemical evidence indicates that EJC proteins
are deposited onto mRNAs as a consequence of splicing
(Le Hir et al. 2000a,b, 2001b; Kataoka et al. 2001; Kim et
al. 2001). To study the role of splicing on recruitment of
EJC proteins to sites of transcription in the nucleus, we
have made use of MEL cells stably transfected with a
human B-globin mutant gene that contains a normal
first intron but is devoid of the second intron (termed
BIVSI).

To analyze the processing of BIVSI pre-mRNAs in the
nucleus of MEL cells, we performed RNase protection as-
says using nuclear RNA fractions from 4-day-induced cells
and **P-labeled antisense RNA probes (Fig. 5A). The pro-
tection products were quantified by PhosphorImager, and
the results show that for the wild type B-globin transcripts
(BWT), the percentage of splicing of introns I and II is 65
and 68, respectively (Fig. 5B, lane 1). Thus, splicing of both
introns has occurred in the majority of wild type B-globin
transcripts (BWT) present in the nucleus. Consistent with
the genomic deletion of the second intron in the BIVSI
mutant, no intron II sequences are detected in the corre-
sponding transcripts (Fig. 5B, lane 2). Unexpectedly, the
first intron remains unspliced in all BIVSI transcripts (Fig.
5B, lane 2). Furthermore, and according to data reported
previously (Collis et al. 1990; Antoniou et al. 1998), the
efficiency of 3’-end cleavage is reduced from 93% in BWT
RNA to 32% in BIVSI transcripts (Fig. 5B, lanes 3,4).

We have previously shown that BIVSI transcripts are not
exported to the cytoplasm, being retained at the site of
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transcription (Custddio et al. 1999). We consider it unlikely
that the reduced cleavage efficiency is the primary cause of
nuclear retention, as another (3-globin splicing mutant pos-
sessing a 5'-splice site mutation (GT—AC) in intron II, is
correctly cleaved at normal rates, yet is also stalled at the site
of transcription (Custodio et al. 1999). However, we cannot
rule out the possibility that inefficient 3'-end processing
contributes to retention of nascent 3-globin RNA at the site
of transcription.

Having determined that there is no splicing of BIVSI
transcripts in the nucleus of MEL cells, we next performed
double-labeling experiments using a probe to detect B-glo-
bin RNA and antibodies or GFP to detect SRm160, REF,
UAP56, and Sm. The results clearly show no significant
colocalization of the RNA and protein signals (Fig. 6a—d).
Quantification of the fluorescence intensity along a line that
spans the nucleus across the RNA focus confirms that there
is no accumulation of EJC or Sm proteins at the site of
transcription of the mutant 3-globin gene (Fig. 6a’-d’).
This suggests that, in the absence of efficient pre-mRNA
processing, both spliceosomal components and EJC pro-
teins fail to be properly assembled onto nascent B-globin
transcripts in the nucleus.

DISCUSSION

In this work, we used a microscopy approach to study re-
cruitment of the EJC to nascent transcripts in the nucleus of
mammalian cells. We find that EJC proteins colocalize with
protein components of the spliceosome at sites of transcrip-
tion and splicing in the nucleoplasm, providing in vivo
evidence that the EJC binds cotranscriptionally to mRNPs.
We further report that mutant $-globin pre-mRNAs that
are neither spliced nor released from the site of transcrip-
tion fail to recruit spliccosome snRNPs and EJC proteins.
This suggests that splicing of B-globin pre-mRNAs is re-
quired for efficient recruitment of the EJC and subsequent
targeting of the resulting mRNP to the nuclear export path-
way.

We show that the EJC proteins SRm160, RNPS1, Y14,
Magoh, REF/Aly, and UAP56 accumulate in the nucleus at
sites of abundant adenoviral and 3-globin pre-mRNA syn-
thesis. This is consistent with reports that the yeast homolog
of REF/Aly, Yral, associates with transcribed chromatin
(Lei et al. 2001; Lei and Silver 2002a), and that both Yral
and Sub2 (the yeast counterpart of UAP56) associate with
the THO transcription complex (Strasser et al. 2002). A
different result is observed for DEK, which appears more
homogeneously distributed throughout the nucleoplasm,
with no clear concentration at transcription sites. Remark-
ably, recent immunopurification analysis of nuclear mRNPs
detected all EJC components except DEK (Lykke-Andersen
et al. 2001; Lejeune et al. 2002). The failure to detect DEK
using both microscopic and biochemical approaches sug-
gests that either DEK associates loosely with the EJC or it is
not part of this complex in vivo.

In contrast to EJC proteins, Dbp5, NXF1/TAP, and p15
fail to concentrate in the nucleus at sites of abundant pre-
mRNA synthesis. Dbp5 was identified originally in yeast as
a DEAD-box helicase implicated in mRNA export (for re-
view, see Reed and Hurt 2002). Although early studies sug-
gested that the function of metazoan Dbp5 is conserved,
more recent analysis using RNA interference indicate that
this protein is not essential for mRNA export in Drosophila
(Gatfield et al. 2001). Like the yeast protein, human Dbp5
(hDbp5) shuttles between the nucleus and the cytoplasm,
but at steady state, it is detected mainly in the cytoplasm
(Schmitt et al. 1999). The Dbp5/hDbp5 protein appears
enriched at the nuclear periphery, where it interacts with
nucleoporins located at the cytoplasmic fibrils of nuclear
pore complexes (Hodge et al. 1999; Schmitt et al. 1999;
Strahm et al. 1999). Here, we observe that Dbp5 distribu-
tion is not altered upon infection of HeLa cells with adeno-
virus (Fig. 3C,F). No Dbp5 labeling was detected at sites of
nascent viral pre-mRNAs, suggesting that in mammalian
cells, this protein is recruited to mRNPs shortly before or
after release from the sites of transcription. However, a
recent report indicates that a Dbp5 homolog in the dipteran

FIGURE 4. Localization of EJC proteins, NXF1/TAP, and p15 in the nucleus of MEL cells. (A, a) Schematic representation of the wild-type
human B-globin construct. The wild-type human B-globin gene (BWT) is within the microlocus control region (ULCR) expression cassette (Collis
et al. 1990). The TK neo® gene confers resistance to G418 in stable transfected MEL cells. The probe used to detect the human B-globin transcripts
by FISH (RNA probe) corresponds to a DNA fragment complementary to the transcribed sequence of the gene. (b,c) Cells induced for 2 and 4
d, and hybridized with the RNA probe. (B) EJC proteins were detected either by indirect immunofluorescence using specific antibodies (a,b), or
by transfection with zz or GFP-tagged constructs (c,d). (a,b) MELBWT were induced to differentiate for 3 d, hybridized with the RNA probe
(green), and labeled with antibodies (red) against SRm160 (a) or REF (b). (¢,d) Cells were first transfected with either zzY14 (¢) or GFP-UAP56
(d), induced to differentiate for 2 d, and hybridized with the RNA probe directly labeled with Cy3 (red). The graphics in a’, b’, ¢/, and d’
correspond to a quantitative measurement of colocalization of the EJC proteins at the sites of human (-globin transcription. A line scan was made
across the nucleus, including the site of B-globin transcription as indicated in the figures. The color of the lines in the graphics matches the color
of the detection of RNA and protein in the cell. (C) MELBWT were induced to differentiate for 3 d, hybridized with the RNA probe (green), and
labeled with antibodies (red) against either U2 snRNP B” with mAb 4G3 (b) or Sm with mAb Y12 (a). The graphics in a’, b’, correspond to a
quantitative measurement of colocalization of spliceosomal proteins (red) at the sites of human (-globin transcription (green). (D) MELBWT
were transfected with either GFP-TAP (a) or zzp15 (b), induced to differentiate for 2 d, and hybridized with the RNA probe directly labeled with
Cy3 (red). The zz tag (green staining) was detected after in situ hybridization by indirect immunofluorescence with an antibody against protein
A. The graphics in a’ and b’ correspond to a quantitative measurement of colocalization of NXF1/TAP or pl5 (green) at the sites of human
B-globin transcription (red).
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FIGURE 5. RNase protection assays. (A) Schematic representation of
the RNase protection probes used to analyze splicing and 3’-end cleav-
age of the human B-globin transcripts. The predicted RNase protec-
tion products are shown for each probe. (B) Nuclear RNA fractions (3
ug) of Bwild-type (lanes 1,3) and BIVSI (lanes 2,4) cells induced to
differentiate for 4 d were analyzed by RNase protection using either
the splicing protection probes I and II simultaneously (lanes 1,2) or
the cleavage probe (lanes 3,4). The identity of each RNA species is
indicated. The uncleaved product is shorter for BIVSI, because this
transgene terminates 45 bp past the poly(A)-addition site, whereas the
BWT terminates at 1800 pb. This difference in the extent of 3’ se-
quences does not in itself compromise the efficiency of 3’ end forma-
tion (Antoniou et al. 1998). The amounts of unspliced (US), spliced
(SP), uncleaved (UC), and cleaved (CL) RNAs were quantified by
PhosphorImager and the values normalized for U content. The per-
centage of spliced intron I and intron II is indicated below lanes I and
2, and the percentage of cleaved RNA is indicated below lanes 3 and 4.

Chironomus tentans (Ct-Dbp5) binds to the Balbiani ring
pre-mRNP cotranscriptionally and accompanies the mRNP
to and through the nuclear pores (Zhao et al. 2002). An
involvement of yeast Dbp5 during the early steps of tran-
scription was also suggested on the basis of genetic and
physical interactions with the transcriptional factor IIH (Es-
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truch and Cole 2003). Due to the sensitivity limits of our
assay, we cannot exclude that some Dbp5 molecules may
associate with nascent transcripts.

The heterodimer formed by vertebrate NXF1/TAP and
NXT1/p15 represents to date the most important receptor
involved in export of mRNA from the nucleus to the cyto-
plasm (Izaurralde 2002; Lei and Silver 2002b; Reed and
Hurt 2002; Cullen 2003; Stutz and Izaurralde 2003). Several
EJC proteins, including REF/Aly, Y14, and Magoh can bind
to NXF1/TAP, suggesting that these factors may act as adap-
tors that recruit the export receptor to mRNAs (Dreyfuss et
al. 2002; Reed and Hurt 2002). However, our observation
that NXF1/TAP and NXT1/p15 do not accumulate at sites
of transcription suggests that binding of the EJC proteins to
the mRNA is not sufficient to recruit the TAP-pl5 het-
erodimer. This is consistent with the recent finding that
REF/Aly and other components of the EJC are dispensable
for export of bulk mRNA in Drosophila (Gatfield and Iza-
urralde 2002) and Caenorhabditis elegans (Longman et al.
2003; MacMorris et al. 2003), indicating that additional
adaptor proteins mediate the interaction between NXF1/
TAP and mRNAs in metazoan. SR proteins were recently
identified as adaptors that, in addition to REF/Aly, can me-
diate the interaction between NXF1/TAP and cellular
mRNAs (Huang et al. 2003).

Although REF/Aly can interact directly with NXF1/TAP
(Strasser and Hurt 2000; Stutz et al. 2000), and NXF1/TAP
coimmunopurifies with EJC proteins in nuclear mRNP
fractions (Lejeune et al. 2002), there is no evidence that the
TAP-p15 heterodimer is recruited to mRNAs cotranscrip-
tionally. In fact, NXF1/TAP was reported to bind very
weakly to purified spliced mRNPs in vitro (Zhou et al.
2000). Our observation that NXF1/TAP and pl5 do not
concentrate at the sites of pre-mRNA transcription, there-
fore, favors the view that this heterodimer is recruited effi-
ciently at a later stage in the export pathway.

At present, it is well established that EJC proteins are
deposited onto mRNAs as a consequence of splicing (Le Hir
et al. 2000a,b, 2001b; Kataoka et al. 2001; Kim and Dreyfus
2001). More recent studies described the timing of EJC
assembly on spliced mRNA (Lejeune et al. 2002; Reichert et
al. 2002). REF/Aly was shown to interact with pre-mRNA
prior to spliccosome assembly, whereas Y14, Magoh,
RNPS1, UAP56, and SRm160 are found in intermediate-
containing spliceosomes (Reichert et al. 2002). Upon exon
ligation, association of RNPS1, UAP56, and SRm160 are
destabilized, whereas REF/Aly, Y14, and Magoh remain sta-
bly bound to the spliced exons (Reichert et al. 2002).

In a previous study, we have shown that transcripts en-
coded by a human B-globin mutant gene (BIVSI) that is
devoid of the second intron fails to be released from the site
of transcription (Custédio et al. 1999). Although pre-mRNAs
encoded by this mutant contain a normal first intron,
RNase protection assays show that splicing of this intron is
almost completely inhibited in BIVSI transcripts (Fig. 5B).
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FIGURE 6. EJC proteins and spliceosomal snRNPs do not colocalize with mutant B-globin nascent transcripts. MELBIVSI were induced to
differentiate for 3 d, hybridized with the RNA probe (green), and labeled with antibodies against SRm160 (a), REF (b), or Sm proteins (d; red).
(c) Cells were first transfected with GFP-UAP56 (green), induced to differentiate for 2d, and hybridized with the RNA probe directly labeled with
Cy3 (red). The graphics in a’, b’, ¢’, and d’ correspond to a quantitative measurement of colocalization of the EJC proteins at the sites of mutant
B-globin transcription. A line scan was made across the nucleus as indicated in the figures, and the color of the lines in the graphics matches the

color of the detection of RNA and protein in the cell.

Thus, the BIVSI mutant gene generates pre-mRNAs that are
not spliced. Notably, BIVSI transcripts conserve the normal
sequence spanning the second and third exons, but this
exon—exon junction is no longer the product of a splicing
reaction. In clear contrast with the results observed in MEL
cells expressing normal human (-globin transcripts, BIVSI
pre-mRNAs do not colocalize with SRm160, REF, UAP56,
or Sm proteins. This argues that the accumulation of EJC
proteins at transcription sites requires efficient pre-mRNA
processing. However, there is previous evidence indicating
that REF/Aly can associate with the region 20-24 nucleo-
tides upstream of exon—exon junctions independent of
splicing (Reichert et al. 2002), that UAP56 binds to nascent
transcripts independent of the localization of introns
(Kiesler et al. 2002), and that both REF/Aly and UAP56 are
part of the TREX (transcription/export) complex, which is
thought to be recruited during transcription (Strasser et al.
2002). Possibly, in our microscopic assay we fail to visualize
proteins that are loosely associated with the RNA and detect
only stable complexes. According to this view, our results
would argue that the initial binding of REF/Aly and UAP56
to nascent transcripts is not sufficient for stable EJC assem-
bly.

In addition to being splicing deficient, BIVSI transcripts
are not properly 3'-end cleaved. This is consistent with
recent findings showing that splicing stimulates mRNA bio-
genesis by enhancing mRNA 3’-end processing (Lu and
Cullen 2003; Nott et al. 2003). Because this effect appears to

be mediated by the EJC (Wiegand et al. 2003), failure of
BIVSI transcripts to recruit EJC proteins may contribute to
their inefficient cleavage.

In conclusion, we find that EJC proteins colocalize with
protein components of the spliceosome at sites of transcrip-
tion and splicing in the nucleoplasm, providing in vivo
evidence that the EJC binds cotranscriptionally to mRNPs.
We further report that mutant 3-globin pre-mRNAs that
are neither correctly processed nor released from the site of
transcription fail to concentrate spliceosome snRNPs and
EJC proteins. This suggests that processing of B-globin pre-
mRNAs is required for efficient recruitment of the EJC and
also for subsequent targeting of the resulting mRNP to the
nuclear export pathway.

MATERIALS AND METHODS

Hela cell culture, transfections, and
Adenovirus infection

HeLa cells from ECACC were cultured as monolayers in minimum
essential medium (MEM, GIBCO-BRL) supplemented with 10%
fetal calf serum (FCS, GIBCO-BRL) and nonessential amino acids
(Invitrogen Corporation). Experiments were performed with cells
grown on 10 x 10 mm glass coverslips. Transfections were per-
formed on subconfluent cells using FuGENE 6 reagent (Roche
Biochemicals), and cells were fixed for analysis 24 h after trans-
fection. Infections with Adenovirus Type 2 (Ad2, strain wt900)
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were performed as described previously (Pombo et al. 1994).
Briefly, cells were incubated with Ad2 for 2 h in serum-free me-
dium, and then supplemented with 10% FCS. For simultaneous
Ad2 infection and transfection, the transfection mixture was added
to the cells immediately after the addition of the FCS. For in situ
detection of sites of transcription, the cells were incubated for 1 h
in culture medium supplemented with 2 mM BrU (Sigma-Al-
drich), and fixed for analysis.

MEL cell culture and transfections

The maintenance and induction of erythroid differentiation of the
MEL cell lines were described previously (Antoniou 1991; Custé-
dio et al. 1999). Transient transfections were performed with ei-
ther FuGENE 6 reagent (Roche Biochemical) or Tfx-50 reagent
(Promega). The erythroid differentiation was induced 5-6 h after
transfection by the addition of 2% (v/v) DMSO to the culture
medium, and allowed to proceed for 48 h.

DNA clones for transient transfections

The plasmids used for expression in HeLa and MEL cells were
kindly provided by Elisa Izaurralde (EMBL-Heidelberg). NXF1/
TAP, RNPS1, UAP56, Magoh, and Dbp5 full-length cDNAs were
cloned in pEGFP (Clontech). Y14 and p15 cDNAs were cloned in
the pRN3zz vector. The zz tag was detected by indirect immuno-
fluorescence with an antibody against protein A.

In situ hybridization

HelLa cells were grown on glass coverslips, and MEL cells were
washed in serum-free medium and allowed to adhere onto poly-
L-lysine (Sigma) coated glass coverslips. Cells were fixed and per-
meabilized according to one of the following alternative protocols:
(1) permeabilized with 0.5% Triton X-100 in CSK buffer (Fey et al.
1986) containing 0.1 mM PMSF for 1 min on ice, and fixed with
3.7% paraformaldehyde in CSK buffer for 10 min at room tem-
perature; (2) fixed in 3.7% paraformaldehyde in PBS for 10 min,
and permeabilized with 0.5% Triton X-100 in PBS for 10 min at
room temperature.

Spliced major late adenoviral mRNAs were visualized using a
5'-biotinylated DNA oligonucleotide probe, as previously de-
scribed (Bridge et al. 1996). Oligonucleotides are particularly
suited to identify spliced mRNA molecules, as probes complemen-
tary to exon—exon splice junctions form unstable hybrids with the
unspliced primary transcripts. The probe (termed SJ1) has the
following sequence: CAACCGCGAGCCCAACAGCTG. All in situ
hybridization procedures were based on the protocols previously
described (Bridge et al. 1996), and the hybrids were detected with
Cy3 avidin (1/200, Jackson ImmunoReseach Labs, Inc).

To detect the human B-globin transcripts, MEL cells were hy-
bridized as previously described (Custodio et al. 1999). The probe
used consists of a plasmid containing the genomic sequence of the
human B-globin gene labeled with either digoxigenin-11-dUTP
(Roche) or Cy3-AP3-dUTP (Amersham Pharmacia) by nick trans-
lation. Digoxigenin detection was either with Fluorescein-conju-
gated sheep anti-digoxigenin (1/100, Roche), followed by Alexa-
Fluor488-conjugated goat anti-Fluorescein (1/200, Molecular
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Probes), or Cy3 conjugated mouse anti-digoxin (1/250, Jackson
ImmunoReseach Labs, Inc.). After the detection steps, cells were
fixed with 1% formaldehyde in PBS for 10 min, washed with PBS,
and processed for indirect immunofluorescence.

Immunofluorescence

The following primary antibodies were used for immunofluores-
cence. Rabbit polyclonals directed against (1) SRm160 (1/250,
Blencowe et al. 1998); (2) DEK (1/300, Fornerod et al. 1995); (3)
REF (1/100, Rodrigues et al. 2001); (4) protein A (1/2000, Sigma);
(5) adenoviral protein DBP (Linné et al. 1977). Mouse mono-
clonals directed against (1) Sm antigen of SnRNPs (mAb Y12;
Lerner et al. 1981); (2) U2 snRNP specific protein B"’ (mAb 4G3;
Habets et al. 1989). Bromo-uridine incorporation was detected
with a sheep polyclonal antibody directed against BrdU (1/200,
Abcam).

The secondary antibodies used were AlexaFluor488-conjugated
goat anti-rabbit IgG (1/200), TRITC-conjugated donkey anti-rab-
bit IgG (1/100, Jackson ImmunoResearch Labs, Inc.), Alexa-
Fluo488-conjugated goat anti-mouse IgG (1/200, Jackson), Cy3-
conjugated goat anti-mouse IgG (1/300, Jackson), FITC-conju-
gated goat anti-human IgG (1/100, Jackson), Cy5-conjugated
rabbit anti-human IgG (1/100, Jackson), and FITC-conjugated
donkey anti-sheep IgG (1/100, Jackson).

Microscopy

Images were acquired on a Zeiss LSM 510 confocal microscope
using the PlanApochromat 63x/1.4 objective. FITC and Alexa-
Fluor488 fluorescence was detected using the 488-nm line of the
argon ion laser. The 543-nm line of the helium-neon laser was
used to excite Cy3 and TRITC and the 633-nm line to excite Cy5.

RNase protection assay

Nuclear and cytoplasmic fractionation of MEL cells was as previ-
ously described (Antoniou et al. 1998). The nuclei were lysed with
4 M guanidinium thiocyanate, 25 mM tri-sodium citrate, 0.5%
(w/v) N-lauryl sarcosine, 0.1 mM dithiothreitol (Huang and Car-
michael 1996), and the homogenate sonicated (30 pulses using a
small-diameter probe) to shear the DNA. The RNA was purified
by phenol:chloroform (2.8:1) extraction, isopropanol and ethanol
precipitations, and DNase digestion (RNase free, Roche). Human
B-globin RNase protection probes (McCracken et al. 1997) were
prepared by in vitro transcription with T7 RNA polymerase in the
presence of [a->*P]UTP, and gel-purified prior to use. RNase pro-
tection assays were performed as previously described (McCracken
et al. 2002). Briefly, 3 pg of nuclear RNA were incubated with the
antisense RNA probe overnight at 50°C, and the hybridization
products were digested with a mixture of RNase T1 (5 pg/mL) and
RNase A (0.5 pg/mL) at 37°C for 1 h. The protected fragments
were resolved on a 6% denaturing polyacrylamide gel, and the
intensity of the bands quantified using a BioRad PhosphorImager.
Following quantification of each gel band, background was sub-
tracted and the values normalized for U content of the protected
probe fragment.
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