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Rrp6 is recruited to transcribed genes and accompanies
the spliced mRNA to the nuclear pore
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ABSTRACT

Rrp6 is an exoribonuclease involved in the quality control of mRNA biogenesis. We have analyzed the association of Rrp6 with
the Balbiani ring pre-mRNPs of Chironomus tentans to obtain insight into the role of Rrp6 in splicing surveillance. Rrp6 is
recruited to transcribed genes and its distribution along the genes does not correlate with the positions of exons and introns. In
the nucleoplasm, Rrp6 is bound to both unspliced and spliced transcripts. Rrp6 is released from the mRNPs in the vicinity of the
nuclear pore before nucleo-cytoplasmic translocation. We show that Rrp6 is associated with newly synthesized transcripts
during all the nuclear steps of gene expression and is associated with the transcripts independently of their splicing status. These
observations suggest that the quality control of pre-mRNA splicing is not based on the selective recruitment of the

exoribonuclease Rrp6 to unprocessed mRNAs.
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INTRODUCTION

Pre-mRNAs are synthesized by RNA polymerase I (Pol-II)
and assemble into ribonucleoprotein (RNP) complexes dur-
ing transcription. The maturation of the pre-mRNPs in-
volves multiple processing reactions, including capping,
splicing, and 3’ end formations, that often take place
cotranscriptionally (for review, see Neugebauer 2002). The
biogenesis of correct, export-competent mRNPs relies on
a number of quality control checkpoints. Some of these check-
points rely on the activity of the RNA exosome, a protein
complex with ribonucleolytic activity that is involved in the
processing and degradation of many RNA classes (for re-
views, see Houseley et al. 2006; Houseley and Tollervey 2008;
van Hoof and Wagner 2011). The exosome is evolutionarily
conserved from archea to eukaryotes. The eukaryotic exo-
some is composed of a ring-shaped core made of nine dif-
ferent subunits (for review, see Lorentzen et al. 2008). The
core subunits are catalytically inactive and the ribonu-
cleolytic activity of the exosome is provided by additional
factors (for review, see Lykke-Andersen et al. 2011). Two
active subunits, Rrp6 and Rrp44/Dis3, were identified
initially in budding yeast and are conserved in higher
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eukaryotes (Mitchell et al. 1997; Andrulis et al. 2002). A
third active subunit, Dis3L, has recently been identified in
human cells (Staals et al. 2010; Tomecki et al. 2010). There
is ample evidence for the functional association of the cat-
alytic subunits with the core of the exosome in both yeast
and metazoans (Andrulis et al. 2002; Synowsky et al. 2009).
Moreover, Rrp6 and Dis3 have other interaction partners
than the core exosome subunits and have functions that are
independent of the core (Graham et al. 2009; Synowsky et al.
2009; Kiss and Andrulis 2011).

Rrp6 is a central player in the nuclear surveillance of
mRNA biogenesis (for review, see Schmid and Jensen 2008).
In budding yeast, the exosome and Rrp6 retain and degrade
defective transcripts in the nucleus (Hilleren et al. 2001). In
metazoans, Rrp6 is needed for correct transcription termi-
nation by Pol-II, and unprocessed transcripts are retained at
the transcription site in an Rrp6-dependent manner (de
Almeida et al. 2010; Eberle et al. 2010). Studies in budding
yeast have also suggested that there is a post-transcriptional
quality control step that takes place at the nuclear periphery
prior to the export of the mRNPs to the cytoplasm. The Mlp1
protein, a protein associated with the nuclear pores, physi-
cally retains unprocessed pre-mRNAs in the nucleus through
a mechanism that also involves Rrp6 (Galy et al. 2004).
Whether Rrp6 plays a role in the surveillance of splicing at
the nuclear periphery also in metazoans is an open question.

In spite of recent advances in the study of the structure
and catalytic properties of Rrp6 in animal cells, much remains
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to be discovered about its functions in vivo. We have stud-
ied Rrpé6 in the dipteran Chironomus tentans to gain further
insight into the role of Rrp6 in the nuclear quality control
of pre-mRNA splicing in metazoans. The Balbiani ring
(BR) genes of C. tentans code for large secretory proteins in
the salivary glands of the Chironomus larvae (for review, see
Wieslander 1994). The BR pre-mRNAs have all the features
of protein-coding transcripts and undergo typical pre-
mRNA processing (for review, see Wieslander et al. 1996;
Kiesler and Visa 2004). The BR genes can be identified in
polytene chromosome preparations, and by using immu-
noelectron microscopy (immuno-EM) it is possible to study
the association of specific proteins with the newly synthe-
sized BR pre-mRNAs at the site of transcription and on the
way to the nuclear pores. This makes the BR genes of C.
tentans a powerful experimental system for in situ studies
of mRNA biogenesis (for review, see Daneholt 2001). We
have applied immunocytochemistry methods to analyze the
nuclear distribution of Rrp6 and its association with the BR
mRNPs at different stages of synthesis, processing, and trans-
port. We have also used immunoprecipitation methods to
study the relationships between splicing and Rrp6 recruitment.

RESULTS AND DISCUSSION

The nuclear distribution of Rrp6 in the salivary
gland cells of C. tentans

We amplified a partial cDNA for the Rrp6 of C. tentans
(Ct-Rrp6, or Rrp6 for simplicity) following a degenerate
PCR approach. The predicted protein sequence encoded by
this partial cDNA was 84% and 85% similar to the cor-
responding Rrp6 sequences of Drosophila melanogaster and
Homo sapiens, respectively. We expressed the cDNA in
Escherichia coli and used the recombinant protein to raise
an anti-Ct-Rrp6 antibody (Supplemental Fig. S1). The spec-
ificity of the anti-Ct-Rrp6 antibody was analyzed by Western
blotting and the antibody was found to be monospecific
(Fig. 1A). We used the anti-Ct-Rrp6 antibody for immuno-
cytochemical studies. We first analyzed the general distribu-
tion of Rrp6 in the salivary gland cells of C. tentans by
immunofluorescence (IF). Rrp6 stained the cytoplasm faintly
and gave intense IF staining in the nucleus (Fig. 1B; Sup-
plemental Fig. S2). The nucleoplasm was strongly labeled,
and the polytene chromosomes displayed a banded pattern
similar to that observed with antibodies against the core
exosome subunit Rrp4 (Hessle et al. 2009). Furthermore, a
small fraction of Rrp6 was concentrated in discrete nuclear
bodies (Fig. 1C). The number of bodies per cell ranged from
five to 20 and their diameter ranged between 1 and 5 pm.
We carried out double-IF experiments with antibodies
against Rrp6 and Rrp4. We could not detect Rrp4 in the
Rrp6-positive bodies (Fig. 1D), which suggests that the
presence of Rrp6 in these bodies is related to an exosome-
independent function of Rrp6. In summary, our results
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FIGURE 1. The distribution of Rrp6 in the salivary gland cells of C.
tentans. (A) Western blot showing the specificity of the anti-Ct-Rrp6
antibody. Nuclear protein extracts prepared from C. tentans culture
cells were probed with either pre-immune serum or the serum anti-
Rrp6. A major band with an apparent molecular mass of ~110 kDa
was obtained (arrow). The mobility of molecular mass standards is
shown to the left, in kDa. (B) The general distribution of Rrp6 in the
salivary glands analyzed by IF. The image shows a confocal section of
a salivary gland stained with the anti-Rrp6 antibody. The lumen of the
gland, nucleus (NUC), cytoplasm (CYT), and nucleolus (Nu) are
indicated. The staining observed at the cell surface is unspecific as it has
been observed with other rabbit sera. The magnification bar represents
~50 pm. (C) Two salivary gland nuclei stained with the anti-Rrp6
antibody at higher magnification showing the location of Rrp6 in
discrete nuclear bodies (arrows). The magnification bar represents ~10
pm. (D) Salivary glands were double-labeled with anti-Rrp6 (green)
and anti-Rrp4 (red) antibodies. The Rrp6-positive bodies are not
labeled by the anti-Rrp4 antibody. The bar represents ~10 pwm.

indicate that Rrp6 is associated with many different struc-
tures in the nuclei of the salivary gland cells, which is com-
patible with the many functions of this protein. The nuclear
localization of Rrp6 in the salivary glands of C. tentans is
consistent with results from previous studies in yeast, flies,
and humans (Allmang et al. 1999; Graham et al. 2006).

Rrp6 is recruited to transcribed genes and is present
along the entire transcription unit

A more detailed analysis of the distribution of Rrp6 in iso-
lated polytene chromosomes revealed that Rrp6 is associ-
ated with many loci, including the BR puffs in chromosome
IV, and the nucleoli (Fig. 2; Supplemental Fig. S2). The dis-
tribution of Rrp6 was compared with those of snRNPs
and Pol-II in double-IF experiments. Rrp6 and snRNPs
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FIGURE 2. Rrp6 in the polytene chromosomes. (A) Double-IF
staining of isolated polytene chromosomes with antibodies against
Rrp6 (green) and snRNPs (red). The image shows a confocal section of
an isolated chromosome IV. The positions of the three Balbiani ring
puffs (BR1, BR2, and BR3) are indicated. (B) Double-IF staining of
isolated polytene chromosomes with antibodies against Rrp6 (green)
and Pol-II (red). NU, nucleolus. The arrows in the merged image point
at loci that are stained by the anti-Rrp6 antibody but that are negative
for Pol-1I. (C) Isolated chromosomes were digested with (+) or without
(—) RNase A before staining with antibodies against Rrp6 (green) and
snRNPs (red). The anti-snRNP staining was strongly reduced by the
treatment whereas the anti-Rrp6 was partially resistant to the RNase
digestion. (D) Isolated chromosomes prepared from larvae treated with
DRB for 45 min were double-stained with antibodies against Rrp6 and
Pol-1II, as indicated. The anti-Pol-II was drastically reduced by the DRB
treatment but a significant amount of Rrp6 was still detected on the
chromosomes. The magnification bars represent ~20 pwm.

colocalized in numerous loci, including the BR puffs (Fig. 2A).
Rrp6 and Pol-II also showed a large extent of colocalization
(Fig. 2B). We concluded that Rrp6 is recruited to transcribed
genes.

Isolated polytene chromosomes were digested with RNase
A before the IF staining to determine whether the Rrp6 that
is found at sites of transcription is bound to the chromatin
template or to the transcription products (Fig. 2C). The
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chromosomes were labeled simultaneously with the anti-
snRNP antibody to assess the efficiency of the RNase di-
gestion. Anti-Rrp6 IF labeling was somewhat lower in
chromosomes treated with RNase, which suggests that
a fraction of Rrp6 is bound to the nascent pre-mRNPs.
However, the majority of the anti-Rrp6 staining was
resistant to RNase digestion. This result shows that a
relatively small fraction of Rrp6 is bound to the nascent
pre-mRNP and that a large fraction of Rrp6 is associated
with either the chromatin or the transcription machinery.

In another series of experiments, the larvae were treated
with the transcription inhibitor DRB before the IF stain-
ing with antibodies against Rrp6 and Pol-II. The DRB
treatment caused a strong reduction of anti-Pol-II stain-
ing but had a less pronounced effect on Rrp6 (Fig. 2D).
This result suggests that a fraction of Rrp6 is bound to
chromatin.

We analyzed also the localization of Rrp6 in the BR genes
by immuno-EM. Nascent BR pre-mRNA molecules are rap-
idly packaged into growing pre-mRNP fibers that can be
observed along the BR genes (Fig. 3A). As transcription
progresses, the growing RNP fibers gradually increase in
length and become packed into globular RNPs (Skoglund
et al. 1983). Thin cryosections of salivary glands were
immunolabeled with the anti-Rrp6 antibody. Negative
control preparations processed in parallel were not sig-
nificantly labeled (Supplemental Fig. S3). Rrp6 was associ-
ated with all the regions of the transcribed BR gene (Fig.
3B). The labeling was often located near the chromatin axis
(see arrow in Fig. 3B), which indicates binding of Rrp6 with
either the chromatin, the transcription machinery, or the
stalk of the nascent pre-mRNPs. A few BR particles were
labeled on the RNP fraction, far from the chromatin, which
indicates that at least a small fraction of Rrp6 becomes in-
corporated into the nascent pre-mRNP during transcrip-
tion (Fig. 3C). The results were confirmed by immuno-EM
staining of isolated chromosomes with the anti-Rrp6 anti-
body (Supplemental Fig. S4).

The cotranscriptional association of Rrp6 with the BR
genes was confirmed by chromatin immunoprecipitation
(ChIP) using chromatin from salivary glands. The immuno-
precipitated DNA was analyzed by quantitative real-time
PCR (qPCR). Rrp6 was associated with both the proximal
and the distal parts of the BR1 gene (Fig. 3D; Supplemental
Fig. S2). The association of Rrp6 with the central region
of the BR1 gene could not be analyzed by ChIP due to the
repetitive nature of the BR sequence (Paulsson et al. 1992).

We extended our analysis and analyzed also the associ-
ation of Rrp6 with genes of D. melanogaster. We used D.
melanogaster S2 cells that expressed a V5-tagged version of
Rrp6 (Hessle et al. 2009), and we immunoprecipitated Rrp6
using an anti-V5 antibody. We were interested in deter-
mining whether the distribution of Rrp6 correlated with
gene features such as exons or introns, and therefore we
chose to analyze the occupancy of Rrp6 along three genes
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FIGURE 3. The association of Rrp6 with transcribed genes studied by immuno-EM and ChIP. (A) Schematic representation of a transcribed BR
gene showing the synthesis and assembly of the BR pre-mRNPs. The proximal (p), middle (m), and distal (d) regions of the BR gene are
indicated. (B) Immuno-EM analysis of the association of Rrp6 with the nascent BR pre-mRNPs. Salivary gland cryosections were immunostained
with the anti-Rrp6 antibody and the labeling was visualized with a gold-conjugated secondary antibody. The figure shows three images that
correspond to the proximal, middle, and distal portions of the BR gene, respectively. The arrow shows labeling close to the chromatin axis.
Schematic interpretations of the images are provided next to each micrograph. The dotted line represents the chromatin axis. The bar represents
100 nm. (C) Two examples of immunogold labeling decorating the globular portion of BR pre-mRNPs in the distal region of the gene. Schematic
interpretations of the images are provided next to each micrograph. (D) The association of Rrp6 with the BR1 gene analyzed by ChIP. The
association of Rrp6 with sequences near the promoter (region 1) and in the 3" UTR (region 2) was quantified. The relative levels of Rrp6 in each
region were calculated relative to the input and expressed as the fold change relative to region 1, in order to reveal variations along the gene. The
histograms show averages from three independent experiments. The error bars represent standard deviations (# = 3). The exon—intron structure
of the gene is represented, and the positions of the regions analyzed are indicated in the cartoon. (E) ChIP analysis of Rrp6 distribution in genes of
D. melanogaster (black bars). Parallel experiments were carried out with an anti-Pol-II antibody (gray bars). The histograms summarize the ChIP
results obtained for three different genes: Fur2, Mtor, and Tctp. The nucleotide lengths of the pre-mRNAs and their exon—intron structure are
depicted. The relative levels of Rrp6 and Pol-II in each region were calculated relative to the input and expressed as the fold changes relative to
region 1, in order to reveal variations along the genes. The histograms show averages from three independent experiments. The error bars
represent standard deviations (n = 3). (F) ChIP analysis of the association of Rrp6 and Rrp4 with Mtor and Fur2 in the presence of RNase A. ChIP
experiments were carried out as above and the bound complexes were treated with RNase A after the immunoprecipitation. The levels of Rrp4
were significantly reduced by the RNase A digestion but the levels of Rrp6 were not. The histograms show averages from two independent
experiments, each with two technical replicates. The error bars represent standard deviations (n = 4).
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that we selected arbitrarily because they differ in length and
exon—intron organization: Tctp, Mtor, and Fur2. The ex-
pression of these three genes in S2 cells was documented in
the FLIGHT database (http://flight.licr.org/) and validated
by RT-PCR in a previous study (Hessle et al. 2009). The results
are summarized in Figure 3E. Rrp6 was associated with the
three genes and was detected in all the regions analyzed.
The levels of Rrp6 were significantly higher near the
promoter and decreased in the 5'-3" direction. This trend
was less pronounced in the intronless Tctp gene, but also in
Rpl40, an intron-containing gene of the same length as Tctp
(Supplemental Fig. S5). We concluded that the distribution
of Rrp6 along the genes does not correlate with the exon—
intron structure of the genes.

The distribution of Pol-1I along the Tctp, Mtor, and Fur2
genes was also analyzed in parallel for reference purposes.
The levels of Pol-II were higher near the transcription start
site than in the rest of the gene. This distribution pattern
agrees with previous observations showing higher densities
of Pol-II at the 5" ends of active genes relative to the gene
bodies (Min et al. 2011). In summary, both Rrp6 and Pol-II
levels were higher at the 5’ ends than at the 3’ ends, but the
Pol-1II levels dropped in a more pronounced manner. Indeed,
the relative levels of Rrp6 were higher than the levels of Pol-II
inside the gene, for all the genes analyzed.

Comparison of the present ChIP results with those re-
ported previously for Rrp4 (Hessle et al. 2009) reveals that
the levels of Rrp6 do not follow strictly those of Rrp4, which
suggests that Rrp6 and the exosome core bind to the tran-
scribed genes independently of each other. The immuno-EM
results and the RNase-digestion experiments also revealed
differences in the way in which Rrp6 and Rrp4 interact with
transcribed genes. A large fraction of Rrp4 is associated
with the nascent BR pre-mRNPs, and the association of
Rrp4 with the chromosomes is RNase-dependent (Hessle
et al. 2009). The RNase digestion had a less pronounced ef-
fect on the association of Rrp6 with the chromosomes (Fig.
2C), and the immuno-EM results showed that Rrp6 was
mostly located close to the transcribed chromatin (Fig. 3B).
Moreover, ChIP experiments combined with RNase A di-
gestions indicated that the association of Rrp4 with the
transcribed genes depends on RNA to a large extent, whereas
the association of Rrp6 does not (Fig. 3F). Altogether, these
observations suggested that, although both exosome sub-
units associate cotranscriptionally with active genes, they
do so through different types of interaction, with Rrp6 be-
ing less intimately associated with the pre-mRNPs. This is
an interesting observation because it implies that the as-
sociation of Rrp6 with the transcribed genes is, at least to
some extent, independent from its association with Rrp4 or
with the core exosome. Moreover, the fact that the asso-
ciation of Rrp6 with the transcribed genes does not depend
on the RNA and does not correlate with the distribution of
the transcription machinery suggests that a fraction of Rrp6
is bound to the active chromatin.

1470 RNA, Vol. 18, No. 8

Rrp6 accompanies the spliced mRNPs
to the nuclear pore

We sought to analyze the association of Rrp6 with BR
mRNPs during nucleo-cytoplasmic transport in order to
find evidence for the involvement of Rrp6 in a post-
transcriptional surveillance step before nuclear export.
When the transcription of the BR gene is completed, the
BR particles are released from the chromosome and migrate
into the nucleoplasm where they are seen as mRNP particles
with a diameter of ~50 nm (Fig. 4A). The BR particles un-
fold when they reach the nuclear envelope and remain
unfolded during translocation through the nuclear pores
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FIGURE 4. The post-transcriptional association of Rrp6 with mRNPs
analyzed by immuno-EM and RIP. (A) Schematic representation of
the transport of BR pre-mRNPs through the nucleoplasm, the
docking at the NPC, and the translocation to the cytoplasm. (B)
Immuno-EM analysis of Rrp6 in BR particles during transport to and
translocation through the NPC. The figure shows examples of BR
mRNPs at different stages of nucleo-cytoplasmic transport, as in-
dicated. Schematic interpretations are provided under each micro-
graph. The bar represents 100 nm. (C) The association of Rrp6 with
mRNPs in C. tentans cultured cells was analyzed by RIP and RT-
qPCR. An antibody against Hrp36 was used in parallel as a reference.
The abundances of unspliced and spliced transcripts for two different
genes, Gart and Hrp65, were analyzed. For each gene, the abundance
of an exonic sequence was also quantified for normalization purposes.
The histograms show the relative abundances of spliced and unspliced
RNAs relative to the level of the exonic reference sequence for that
same gene. The values are averages from three independent experi-
ments, each with two technical replicates (n = 3).
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(Mehlin et al. 1992). We analyzed salivary gland cryosections
stained with the anti-Rrp6 antibody to study the association
of Rrp6 with BR mRNP particles after transcription. Nucle-
oplasmic BR particles were labeled with the anti-Rrp6
antibody, as shown in Figure 4B. In contrast, unfolded
BR particles in transit through the nuclear pore were
devoid of labeling. These observations suggest that Rrp6
is bound to the mRNP during transport from the gene to
the nuclear pore and is released from the mRNP before
translocation through the nuclear pore. At this stage, the BR
mRNPs undergo deep structural rearrangements that result in
the unfolding of the mRNP. We propose that this structural
remodeling also leads to the release of Rrp6 from the mRNP.

The density of immunogold labeling on the nucleoplas-
mic BR particles was relatively high with several gold mark-
ers decorating each labeled BR particle (Fig. 4B). However,
the fraction of labeled BR particles was low, <10% (data
not shown). This could reflect a preferential binding of Rrp6
to a subpopulation of BR particles. Based on the role of the
yeast Rrp6 in the surveillance of unspliced mRNAs in the
nucleus, we asked whether Rrp6 was bound preferentially to
unspliced pre-mRNPs. In situ studies of the splicing of the
BR1 pre-mRNA have revealed the existence of a small frac-
tion (<5%) of unspliced BR1 transcripts in the nucleoplasm
of the salivary gland cells (Baurén and Wieslander 1994). To
determine whether Rrp6 was preferentially bound to intron-
containing transcripts, we used C. tentans tissue-cultured cells
and prepared nuclear extracts containing nucleoplasmic
RNPs (Tyagi et al. 2009). The nucleoplasmic extracts were
used for RNA immunoprecipitation (RIP) using the anti-
Rrp6 antibody. We used for comparison an antibody
against Hrp36 and abundant hnRNP protein of C. fentans
that binds extensively to both pre-mRNAs and mRNAs
(Visa et al. 1996). The immunoprecipitated RNAs were pu-
rified, reverse-transcribed, and analyzed by quantitative
PCR using primer pairs specific for spliced or unspliced
transcripts. We also analyzed the transcripts present in the
nucleoplasmic extract (referred to as “Input” in Fig. 4C).
We argued that, if Rrp6 binds preferentially to unspliced
transcripts, the intron-containing pre-mRNAs should be
more enriched in the Rrp6-immunoprecipitated fractions
than in the input. We analyzed transcripts from two differ-
ent genes with known genomic sequences: Hrp65 (AJ404654)
and Gart (543653). Figure 4C shows a compilation of RIP
results from three independent experiments. The relative
abundances of the unspliced Hrp65 and Gart transcripts in
the input differed, with Gart being spliced to a much larger
extent. This difference reflects the fact that the alternative
splicing of the Hrp65 pre-mRNA (Miralles and Visa 2001)
is less efficient than the constitutive splicing of the Gart
transcripts. Quantification of the Hrp65 and Gart tran-
scripts in the immunoprecipitated fractions did not reveal
any enrichment of the unspliced transcripts bound to Rrp6.
Instead, there was a preference of Rrp6 for the spliced
mRNAs. These observations argue against the preferential

association of Rrp6 with intron-containing transcripts. They
suggest instead that Rrp6 is bound to mRNAs that are al-
ready spliced and accompanies the mature mRNAs to the
nuclear pore.

The analysis of Rrp6 in the salivary glands of C. tentans
has revealed several interesting aspects of Rrp6 function.
First, Rrp6 is recruited cotranscriptionally to active genes
where it associates mostly with the chromatin and with the
transcription machinery and, to a lesser extent, with the
nascent transcripts as shown by RNase digestion experi-
ments. Second, Rrp6 associates with mRNPs near the 3’
end of the BR genes, which suggests that Rrp6 is recruited
to the mRNPs shortly before the release of the transcripts
into the nucleoplasm. Third, Rrp6 is bound to nucleoplas-
mic mRNPs and accompanies the spliced transcripts to the
nuclear pore. Interactions of Rrp6 with poly(A)-binding
proteins could mediate such recruitment. Interestingly,
a physical interaction between Rrp6 and the poly(A)-binding
protein PABP2 was detected in a previous study (Hessle et al.
2009). Fourth, Rrp6 does not bind preferentially to un-
spliced transcripts. This finding indicates that the quality
control of splicing by Rrp6 is not based on the selective
recruitment of the exosome to the unprocessed transcripts.
Our results support a model in which Rrpé is recruited to
newly synthesized mRNAs, independently of their splicing
status, and is part of the exported mRNPs in the nucleo-
plasm. In such a model, the selective degradation of unspliced
or defective transcripts is achieved not by the selective re-
cruitment of surveillance factors to unspliced mRNAs, but
is instead the result of kinetic or structural differences that
render the unprocessed transcripts more susceptible to
degradation.

MATERIALS AND METHODS

Culturing conditions

C. tentans was cultured as described by Meyer et al. (1983). Sal-
ivary glands were isolated from fourth instar larvae. C. tentans
tissue culture cells were cultivated at 24°C as previously described
(Wyss 1982). D. melanogaster S2 cells were cultured at 28°C fol-
lowing the Drosophila Expression System manual from Invitrogen.
S2 cells stably transfected with plasmids that encode V5-tagged
Rrp6 and Rrp4 have been described by Hessle et al. (2009). Stable
transfectants were cultured in the presence of 300 pwg/mL hygo-
mycin B following the procedure recommended by Invitrogen.
Expression of Rrp6-V5 was induced with 400 uM CuSO, for 24 h.

Cloning and expression of Ct-Rrp6 cDNA

Degenerate primers were designed to match conserved amino
acid regions in the Rrp6 sequence. Sequence conservation was
based on the Rrp6 sequences of D. melanogaster (NP_001097795),
Anopheles gambiae (XP_312669), Bombyx mori (BGIBMGA000626-
PA), and Apis mellifera (XP_396975.3). Amino acid sequence
alignments were done using the CLUSTALW program at http://
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workbench.sdsc.edu. The sequence of the forward primer F1
was 5-GAYBTNGARCAYCAYWSNTAYMG-3'. The reverse
primers R2 and R3 were 5'-ARRWARTGNGTRTCYWBNCK
NGCRTA-3" and 5'-GGNCKNATNCKCCARTCNGC-3', respec-
tively. These primers were used in nested PCR reactions to amplify
Rrp6 sequences from cDNA prepared from C. tentans tissue
culture cells. A PCR product of length 468 bp was obtained and
further amplified with forward and reverse primers containing
cloning sites for BamHI and HindIIl, respectively. The PCR
product was cloned into the pET21b vector (Novagen) to obtain
the pET21b—Rrp6 plasmid. For protein expression, the pET21b—
Rrp6 was transformed into competent E. coli cells BL21(DE3).

Antibodies

For production of an anti-Ct-Rrp6 antibody, the pET21c—Rrp6
plasmid was transformed into competent E. coli cells, protein ex-
pression was induced with IPTG, and the bacterial lysates were
resolved by SDS-PAGE. The band corresponding to Rrp6 was cut
from the gel and used for immunization of rabbits according to
standard protocols at Agrisera AB. The anti-V5 antibody was from
Invitrogen. The anti-Pol-II CTD antibody 4H8 (ab5408) was from
Abcam and the negative control anti-IgG antibody (Z0456) used
for ChIP was from DakoCytomation. The anti-U2B” antibody was
from ICN/CAPPEL (mADb 4G3). A rabbit polyclonal antibody against
Ct-Rrp4 and mAb Y12 against snRNP proteins have been char-
acterized in previous studies (Lerner et al. 1981; Hessle et al.
2009). Secondary antibodies for IF and for immuno-EM were
from Jackson Immunoresearch Laboratories. Double-IF stain-
ings with Ct-Rrp6 and Ct-Rrp4 antibodies, both produced in
rabbit, were carried out using the Zenon Kit (Invitrogen) using
Alexa Fluor 488 and 546 for the visualization of Rrp6 and Rrp4,
respectively.

SDS-PAGE and Western blotting

Proteins were separated by SDS-PAGE using the Mini-Protean II
system (BioRad) and transferred to polyvinylidenefluoride (PVDF)
membranes (Millipore) in Tris-glycine buffer with 0.02% SDS and
4 M urea using a semi-dry electrophoretic transfer cell (BioRad).
The membranes were probed with antibodies following standard
procedures.

Immunofluorescent staining of salivary glands

Immunofluorescent staining of salivary glands was carried out
as described by Kiesler et al. (2005). Salivary glands from C.
tentans were dissected from fourth instar larvae. Glands were
incubated with primary antibodies at 4°C overnight. The working
concentrations of the antibodies were 5-10 wg/mL. Sera were di-
luted 1/500-1/1000. The glands were washed and incubated with
fluorescent secondary antibodies, then mounted with Vectashield
mounting medium (Vector Laboratories Inc.) and examined in an
LSM 510 laser confocal microscope (Carl Zeiss). A more detailed
description of the method is provided as Supplemental Data.

Immunofluorescent staining of isolated chromosomes

C. tentans polytene chromosomes were isolated from the salivary
glands of fourth instar larvae and fixed essentially as described by
Bjorkroth et al. (1988). The isolated chromosomes were incubated
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with primary antibody in 0.5% BSA in TKM buffer at 4°C over-
night. TKM was 10 mM triethanolamine-HCl, 100 mM KCl,
and 1 mM MgCl,. The working concentrations of the antibodies
were 5-10 pg/mL. The chromosomes were washed, incubated
with fluorescent secondary antibodies, mounted with Vectashield
mounting medium (Vector Laboratories Inc.), and examined in
an LSM 510 laser confocal microscope (Carl Zeiss). For exper-
iments of RNA digestion, the chromosomes were incubated with
100 pg/mL RNase A for 30 min at 4°C and washed with TKM
before being fixed and processed as above. For DRB treatments,
the larvae were kept in culture water supplemented with 0.4 mM
DRB for 45 min before dissection of the glands and isolation
of the chromosomes.

Acquisition and processing of confocal images

Preparations were analyzed and images were taken with a laser
scanning microscope (model LSM 510; Carl Zeiss Microlmaging
Inc.) equipped with PlanApochromat objectives 40X/1.0 oil and
63X/1.4 oil, using immersion oil Immersol 518F (Carl Zeiss Micro-
Imaging Inc.). The optical sections were 1 pm thick. Photoshop
software (Adobe) was used for the preparation of composite images
and for adjustment of intensity and contrast.

Immunoelectron microscopy (Immuno-EM)

Immuno-EM was carried out using cryosectioned salivary glands
as described by Sjolinder et al. (2005). Salivary glands were fixed
for 45 min in 4% paraformaldehyde and cryoprotected with 2.3 M
sucrose. Secondary antibodies were conjugated to 6-nm gold par-
ticles (Jackson ImmunoResearch Laboratories). After immuno-
labeling, the sections were stained with 2% aqueous uranyl acetate
and embedded in polyvinyl alcohol (Aldrich). The specimens were
examined and photographed in a Tecnai G2 Spirit BioTwin elec-
tron microscope (FEI Company) at 80 kV. Immuno-EM labeling
of isolated chromosomes was essentially carried out as described
by Tyagi et al. (2009). More detailed descriptions of the methods
are provided as Supplemental Data.

Chromatin immunoprecipitation (ChIP)

ChIP was performed essentially as described by Takahashi et al.
(2000) with some modifications (Hessle et al. 2009). When using
D. melanogaster S2 cells, ~1 X 107 cells were used for each immu-
noprecipitation. The cells were fixed at room temperature by the
addition of a fixing solution containing formaldehyde, to give a final
concentration of 2%. The chromatin was sheared by sonication to
render DNA fragments with a length of 250-900 bp. Immunopre-
cipitation was performed overnight at 4°C using 10 pg/mL of pri-
mary antibody. In the RNase experiments, the washed beads were
incubated in the presence of 50 wg/mL RNase A for 30 min at room
temperature before elution of the bound complexes and DNA pu-
rification. For real-time quantitative PCR (qPCR), the immunopre-
cipitated DNA was amplified using the KAPA SYBR Fast qPCR
Master Mix (KAPA Biosystems) in a RotorGene (Qiagen). ChIP
on C. tentans salivary glands was carried out as described by Botelho
et al. (2008), except for the analysis of the immunoprecipitated
DNA. The immunoprecipitated DNA was quantified by qPCR
using a standard curve for each primer pair. A more detailed
description of the method is provided as Supplemental Data.
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Rrp6 accompanies the mRNA to the nuclear pore

RNA immunoprecipitation (RIP)

C. tentans tissue-cultured cells were used to prepare a soluble
nuclear extract containing nucleoplasmic mRNPs as described by
Tyagi et al. (2009). The cells were homogenized in PBS buffer con-
taining 0.2% NP-40 and protease inhibitors (Roche Diagnostics)
using a glass homogenizer. PBS was 137 mM NaCl, 3 mM KCl, 8
mM Na,HPO,, 2 mM NaH,PO, at pH 7.2. The homogenate was
centrifuged at 1500¢ for 10 min at 4°C. The pellet containing the
nuclei was resuspended in PBS containing protease inhibitors,
sonicated three times for 4-5 sec each time, and centrifuged at
16,000g for 10 min at 4°C. The resulting supernatant was the
soluble nuclear extract used for immunoprecipitation with either
anti-Rrp6, anti-Hrp36, or anti-U2B” antibodies. A negative control
immunoprecipitation was processed in parallel without any pri-
mary antibody. Total RNA was purified from the eluates and
treated with DNase TURBO (Ambion). Superscript III (Invitrogen)
was used for cDNA synthesis using random primers (Invitrogen).
The resulting cDNA was quantified by qPCR using the KAPA SYBR
Fast qPCR Master Mix (KAPA Biosystems) in a RotorGene (Qiagen).
Standard curves were used for quantification.

Primer sequences

The primers used for QPCR quantification of ChIP results for the
Fur2, Mtor, and Tctp genes are specified in Hessle et al. (2009).
The sequences of the primers used to quantify the BRI sequences
were Proximal-F AAGAGGAGGATTGCCCAAAT, Proximal-R TC
AGGTTGTTCGGGTCCTAC, Distal-F GCGATTCACAAAATTTGC
CT, and Distal-R AAACTTTCGCTTGCCTTTGA. The sequences of
the primers used to quantify the RIP results were Gart-T-F TGGA
TTACAAATGGTGGTCG, Gart-T-R CGCCACTTTCTTTGTAGG
TCA, Gart-U-F was the same as Gart-T-F, Gart-U-R GAGGAAAT
AAAATGATTGGAATGAG, Gart-S-F was the same as Gart-T-F,
Gart-S-R GTCAATGAATGTATTTGGAAAGC, Hrp65-T-F TGTG
AATCAACGACCACAAAA, Hrp65-T-R TTTTCTAATATCACAT
TTGGAGAACG, Hrp65-U-F TTTTTGACTTGTACAAAATGTCC
TT, Hrp65-U-R TGCATCCATTCAACTAGCCA, Hrp65-S-F AAG
GAAATCAGAGTATTATCGTC, and Hrp65-S-R was the same as
Hrp65-U-R.

DATA DEPOSITION

The partial cDNA sequence for Ct-Rrp6 was deposited in the
EMBL Nucleotide Sequence Database with accession number
HE613798.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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