General, rapid, and transcription-dependent
fragmentation of nucleolar antigens
in S. cerevisiae mRNA export mutants
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ABSTRACT

In the yeast Saccharomyces cerevisiae, mutation of some effectors of mRNA nuclear export leads to the rapid accumulation of
HSP104 RNA in transcription site-associated foci. We have screened the S. cerevisiae complement of viable gene deletion
mutants for their inability to export HSP104 RNA. The 15 strains identified comprise deletions of components of the THO,
Thp1p/Sac3p, and nuclear pore complexes. In all three mutant classes, retained RNA overlaps the HSP104 transcription site.
Thus, an early block to HSP104 RNA export is general. Incubation of the identified deletion strains, as well as seven additional
mutants, under conditions where mRNA export is blocked results in rapid dissipation of nucleolar protein and RNA constituents.
Time course experiments show that dissipation of nucleolar antigens succeeds mRNA retention and is reversed when the load of
nuclear mRNA ceases. Consistent with a causal role of excess nuclear mRNA, nucleolar morphology in an mRNA export mutant

environment remains intact when transcription by RNA polymerase Il is inhibited.
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INTRODUCTION

The activities of RNA polymerases I and II (RNAPI/II) in
the eukaryotic nucleus are spatially separated. The major
site of ribosomal RNA (rRNA) synthesis by RNAPI is the
nucleolus. This nonmembranous nuclear structure forms
around the highly localized rRNA genes, which, presum-
ably due to their active rRNA synthesis, attract factors
involved in rRNA processing and its assembly into ribo-
somal subunits (Warner 1989; Trumtel et al. 2000). In the
exponentially growing Saccharomyces cerevisiae cell, the
nucleolus is composed of an estimated 600-700 proteins,
of which many are in dynamic exchange with the nuclear
surroundings (Phair and Misteli 2000; Andersen et al.
2005). At steady state, the nucleolus makes up more than
one-third of the nuclear volume (Warner 1989).

The remainder of the S. cerevisiae nucleus predominantly
contains chromatin harboring RNAPII transcription units.
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RNAPII-derived RNAs include small nuclear (sn) and
nucleolar (sno) RNAs, other noncoding RNAs of mostly
unknown function, and conventional mRNAs. Molecular
flux from the chromatin-rich area to the nucleolus is
known to occur; e.g., snoRNAs are imported into the
nucleolus where they function in rRNA biogenesis (Terns
and Dahlberg 1994). Although an involvement of the
nucleolus in the maturation and nuclear export of mRNA
has also been suggested (Kadowaki et al. 1995; Ideue et al.
2004; Boyne and Whitehouse 2006), such a functional
connection between the two compartments has not yet been
firmly established. In contrast, real-time analysis in mam-
malian cells of GFP-decorated mRNAs suggests that mRNPs
diffuse from their sites of synthesis and dock at the nuclear
membrane without a substantial nucleolar phase (Shav-Tal
et al. 2004).

Nuclear export of mRNA is facilitated by multiple con-
served factors exercising their roles at different steps in the
pathway (for recent reviews, see Vinciguerra and Stutz
2004; Cole and Scarcelli 2006; Stewart 2007). Central to this
process, in S. cerevisiae and metazoans, is the essential het-
erodimeric mRNA export receptor Mex67p/Mtr2p (TAP/
pl5 in mammals), which is capable of making contacts
both to constituents of the early mRNP and to nucleo-
porins (NUPs) of the nuclear pore complexes (NPCs).
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Mex67p/Mtr2p can be recruited to mRNPs by different
means. In S. cerevisiae, TREX complex factors—the tetra-
meric THO complex, the RNA helicase Sub2p, and the
RNA-binding protein Yralp—are recruited to active genes
(Strasser et al. 2002; Zenklusen et al. 2002; Abruzzi et al.
2004). Yralp in turn interacts directly with Mex67p
(Strasser and Hurt 2000; Stutz et al. 2000). An alternative
route for Mex67p/Mtr2p-mRNP association is through the
Thplp/Sac3p complex. Sac3p binds directly to Mex67p and
presumably connects to nascent mRNP via Thplp, which
has been implicated in transcription elongation (Gallardo
and Aguilera 2001; Fischer et al. 2002). Finally, dephos-
phorylation of the ubiquitous mRNP factor Npl3p has
also been reported to facilitate Mex67p/mRNP association
(Gilbert and Guthrie 2004).

The final step in nuclear export of mRNP concerns its
translocation through the NPC. This is thought to occur via
interactions of Mex67p/Mtr2p with phenylalanine/glycine
(FG)-repeat containing NUPs and is completed at the cyto-
plasmic face of the NPC by a Dbp5p/Glelp-induced mRNP
remodeling process, which involves removal of Mex67p/Mtr2p
and release of the mRNP into the cytoplasm (Lund and Guthrie
2005; Alcazar-Roman et al. 2006; Weirich et al. 2006).

Consistent with the proposed role of all the above-
mentioned complexes and factors in mRNA nuclear export,
their deletion or mutation generally results in nuclear accu-
mulation of poly(A)* [p(A)"] RNA within a few minutes of
a shift to restrictive conditions. More surprisingly, perhaps,
those mutant strains that have been tested accumulate
newly synthesized heat shock (hs) RNAs, HSP104 or SSA4,
in nuclear foci close to their sites of transcription (Hilleren
et al. 2001; Jensen et al. 2001a,b; Libri et al. 2002; Zenklusen
et al. 2002; Dunn et al. 2005). Indeed, the somewhat
granular appearance of the nuclear p(A)" RNA fluorescent
in situ hybidization (FISH) signal in certain mRNA export
mutants might reflect persistent mRNP retention in mul-
tiple transcription site foci (Hilleren et al. 2001). The molec-
ular cause of this phenotype remains unknown.

In this paper, we screen the S. cerevisiae collection of
viable gene deletions and identify 15 strains that accumu-
late HSP104 RNAs in nuclear foci. In all mRNA export
mutants tested, several nucleolar antigens disassemble at the
restrictive temperature. This phenotype is suppressed by sec-
ond site mutation of RNAPII transcription factor genes as
well as addition of the transcription drug thiolutin. We suggest
that excess nuclear mRNA disturbs nucleolar morphology.

RESULTS

Screening of a yeast gene deletion bank reveals
15 strains incapable of releasing HSP7104 RNA
from transcription site foci

The EUROSCARF collection of about 5000 viable gene
deletion strains was screened by FISH using a set of Cy3-

labeled DNA oligonucleotide probes targeting the 3" end of
the HSP104 RNA (Jensen et al. 2001b). Cells grown at 25°C
were temperature shifted for 20 min to 42°C and sub-
sequently processed for FISH. Visual inspection of samples
revealed two different phenotypes: (1) RNA stain all over
the cell, reminiscent of a wild-type (WT) strain, or (2) the
appearance of one focused HSP104 RNA “dot” per cell
nucleus. Individual deletion strains with the latter pheno-
type were categorized according to the strength of the
HSP104 RNA dot signal, ranging from (+) for strains
harboring weak but reproducible dots, to (+++++) for
strains harboring intensely stained dots. Fifteen strains were
dot positive with variable intensities (Table 1). Protein
products of the deleted genes fall into three major groups of
complexes, all of which have a previous functional history
in mRNA export: the THO, Sac3p/Thplp, and nuclear pore
complexes.

To examine whether the HSP104 dot phenotype reflected
transcript retention at or near the HSP104 gene, as pre-
viously observed (Jensen et al. 2001b; Thomsen et al. 2003),
we performed HSP104 RNA/DNA double-staining experi-
ments. For this purpose, a representative deletion mutant
(Amftl, Aripl, or Asac3) from each dot-positive group was
crossed to a strain harboring LacO repeats 600-700 nucle-
otides (nt) downstream from the HSP104 locus (Dieppois
et al. 2006). Coexpression of the LacI-GFP fusion protein
decorated the LacO sites, enabling dual HSP104 RNA/GFP
staining (Fig. 1A). For all three deletion mutants, >90% of
all cells that were successfully stained with both the HSP104
FISH probes and the GFP antibody showed partially over-
lapping signals (Fig. 1B). At longer exposure times, overlap

TABLE 1. Summary of HSP104 RNA export screen

HSP104 Nop1p

Gene deletion Complex intensity fragmentation
THO2 THO ++ >80%
THP2 THO +++ >60%
MFT1 THO AHERRAE 100%
HPR1 THO ++++ >60%
SAC3 Sac3/Thp1 ++++ 100%
THP1 Sac3/Thpl 4+ 100%
RIP1/NUP42 NPC +++++ 100%
NUP84 NPC +++ >40%
NUP100 NPC +++ >60%
NUP133 NPC ++ >60%
NUP2 NPC + 10%-20%
NUP59 NPC iF 10%—-20%
NUP120 NPC + 10%—-20%
NUP60 NPC + 10%—-20%
NUP188 NPC + 10%-20%

Deletion strains from the EUROSCARF collection, which accumu-
late HSP704 RNA in nuclear dots. The nuclear export deficiency is
given as FISH signal intensity on a “linear scale” ranging from + to
+++++. In all mutants, >90% of cells harbored HSP104 dots. The
degree of Nop1p fragmentation is given as the percentages of cells
exhibiting the phenotype.
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FIGURE 1. Retained HSP104 RNAs localize in transcription site-
associated foci in Amftl, Aripl, and Asac3 cells. (A) Schematic
representation of the HSPI04/LacO module used to localize nu-
clear-retained HSP104 RNA molecules. In tested strains, LacO repeats
were positioned 600-700 nt downstream of the HSP104 gene, and a
LacI-GFP fusion protein was coexpressed. The relative position of the
four HSP104 RNA-FISH probes is indicated. (B) Triple-color RNA-
FISH, LacI-GFP immunolocalization, and DAPI staining analysis
of Amftl, Aripl, Asac3, and WT cells fixed after a 10-min incuba-
tion at 42°C. HSP104 RNA was visualized with Cy3-labeled THJ361—
364 probes, and LacI-GFP molecules bound to LacO repeats were
visualized with an anti-GFP antibody. DNA was stained with DAPI.
Images were merged as indicated. A longer exposure time was used
to visualize nascent HSP104 RNA in WT cells.

of presumably nascent HSP104 RNA and GFP signals could
also be observed in a WT strain. We conclude that HSP104
RNA is retained at or near its site of transcription in THO,
Sac3p/Thplp, and NPC deletion mutants.

Rapid fragmentation of nucleolar antigens
in mRNA export mutants

During analyses of HSP104 RNA nuclear localization
relative to other nuclear structures, we noted that antibody
staining of the nucleolar antigens Noplp and Nsrlp often
appeared fragmented in mRNA transport-deficient strains
as compared with the crescent-shaped nucleolus of a WT
cell. Such a phenotype has previously been reported for
other individual mRNA export-deficient strains (Kadowaki
et al. 1994b; Dockendorff et al. 1997; Rout et al. 2000), and
we therefore decided to examine this in general by con-
ducting Noplp staining of all 15 deletion mutants sub-
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jected to a 42°C heat shock for 20 or 40 min. In the more
severe cases (e.g., the Amftl, Aripl, and Asac3 strains),
Noplp fragmentation was evident in a fraction of the cells
already at the 20-min time point and in all cells after
40 min of incubation at 42°C (Fig. 2, right panel; data not
shown). Quantification of the Nop1p fragmentation pheno-
type by counting the number of positive cells after a 40-min
incubation at 42°C revealed that its level of penetrance
largely correlated with the severity of the HSP104 RNA
retention phenotype (Table 1).

FISH analysis of the mRNA transport capability of S.
cerevisiae temperature-sensitive mutants is often performed
after incubation at the restrictive temperature for >20-30
min. Thus, data might be obtained under conditions where
a part of the nucleolus is disrupted. To examine whether
the HSP104 RNA localization phenotype occurred prior to
or after Noplp fragmentation, we subjected Amft1, Aripl,
Asac3, and WT strains to a 42°C heat shock for either 10 or
40 min. Fixed cells were processed for triple color labeling
studies visualizing HSP104 RNA, Noplp, and the DAPI-
stained chromatin-rich region of the nucleus. In all three
cases, Nop1p staining at the 10-min time point appeared as
a coherent signal next to the DAPI stain as in WT cells (Fig.
2). In these conditions, the HSP104 RNA dot was readily
detectable and overlapped with the DAPI stain but not
the Noplp-defined nucleolus (Fig. 2, middle panel). This
strongly suggests that retention of HSP104 RNA in tran-
scription site-associated foci is not a consequence of nu-
cleolar disintegration.

Interestingly, the Noplp fragments, present in all cells
of the three strains after 40 min of incubation, over-
lapped to a large extent with the DAPI signal (Fig. 2, right
panel). This phenotype was reproduced with the nucle-
olar antigen Nsrlp and was also evident after a 40-min
incubation of the Amftl and Asac3 strains at 37°C (data
not shown).

Fragmentation of nucleolar antigens correlates
with nuclear accumulation of mRNA

To assay the generality of the phenotype, we also examined
mutants of essential mRNA export factors for which
temperature-sensitive alleles are available. After prolonged
(40-min) incubation at 42°C of the mex67-5, rnal4-3, and
rat7—1 mutant strains, both Noplp and Nsrlp staining
appeared fragmented (Fig. 3; data not shown). Similar
results were obtained using other mRNA export mutants,
e.g., sub2-201, mtr2-21, and yral-1 (data not shown).
Interestingly, Noplp staining also appeared fragmented in
the papI—1 mutant of poly(A) polymerase (Fig. 3A). Since
the papl—1 mutation leads to a significant decrease in the
level of polyadenylation, yet restricts at least a subset of
mRNAs to the nucleus (Hilleren et al. 2001), this suggests
that Noplp fragmentation correlates with nuclear retention
of mRNAs independent of their polyadenylation status.
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We next addressed whether condi-
tions eliciting Noplp and Nsrlp frag-
mentation would also impact the
localization of an RNA resident of the
nucleolus. To this end, we performed
RNA-FISH analysis with a probe target-
ing U3, a member of the box C/D family
of snoRNAs that function in rRNA
processing. After a 10-min incubation
of Aripl cells at 42°C, U3 RNA largely
colocalized with Nsrlp in an intact
nucleolus (Fig. 3B, left panel). However,
after a 40-min heat shock, the U3 RNA
signal appeared fragmented, and like
Nsrlp, it mainly coincided with the
nuclear chromatin region stained by
DAPI (Fig. 3B, right panel). Thus, both
protein and RNA components of the
nucleolus dissipate upon a robust block
to mRNA nuclear export.

Finally, we examined whether yet
another nucleolar constituent, the
Nop5p protein, would also relocalize
upon an mRNA export block. Indeed,
staining of Nop5p exhibited a pattern
similar to Noplp and Nsrlp: differen-
tial fragmentation after prolonged incu-
bation at 42°C in the export mutants
Amftl and Aripl as compared with WT
cells (Fig. 4).

Nucleolar antigens reassemble when
the nuclear mRNA load ceases

In the W303 strain background a tem-

FIGURE 2. The HSP104 RNA retention phenotype precedes Noplp fragmentation. Triple-
color HSP104 RNA-FISH, Noplp immunolocalization, and DAPI staining analysis of AmftI,
Aripl, Asac3, and WT cells fixed at 25°C (left panel), or after a 10-min (middle panel) or
40-min (right panel) incubation at 42°C. HSP104 RNA and DNA were visualized as described
in the legend to Fig. 1. Noplp was detected using a Noplp-specific antibody. Images were

merged as indicated.

The state of Noplp was also assayed in strains deleted
or mutated for the nuclear exosome accessory components
Rrp6p, Rrp47p, and Mtrdp. In these mutants, a robust
p(A)+ signal can be detected in the nucleus; however, as
opposed to the mRNA export mutants examined above,
this signal localizes to the non-DAPI region of the nucleus
and stems from polyadenylation of stable nucleolar RNA
species by the Trf4p/Trf5p poly(A) polymerases (Thomsen
et al. 2005; Rougemaille et al. 2007). Prolonged incubation
of the Arrp6, Arrp47, and mtr4—1 strains at 42°C did not
alter the localization of Nop1lp as compared with 25°C (Fig.
3A, three bottom rows).

perature shift to 37°C leads to the tran-
sient induction of several heat-responsive
genes. Possibly due to the selective role
of Mftlp (i.e., the THO complex) in
nuclear export of mRNAs from highly
transcribed genes, the export phenotype
of the Amftl strain wears off when heat
shock transcription ceases after longer
incubation at 37°C. This phenomenon is manifest by a
strong nuclear accumulation of HSP104 and general p(A)*
RNA at the 10- and 40-min time points, followed by less
intense nuclear staining after, e.g., 100 min (Fig. 5). We
took advantage of this situation and characterized nucleolar
morphology during a time course at 37°C in the Amftl
mutant.

Remarkably, at the 100-min time point, the nucleolus,
exemplified by Nsrlp, returned to its normal shape and
position (Fig. 5, third row, last column). Interestingly, the
degree of Nsrlp disassembly seems to correlate with the
extent of nuclear p(A)" RNA load (Fig. 5, cf. NSR1 and
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FIGURE 3. Dissipation of nucleolar protein and RNA in mRNA
export mutants is a general phenomenon. (A) Dual-color Noplp
immunolocalization and DAPI staining analysis of WT, mex67-5,
rnal4-3, rat7-1, papl—1, Arrp6, Arrp47, and mtrd—1 cells fixed at 25°C
(left panel), or after a 10-min (middle panel) or 40-min (right panel)
incubation at 42°C. (B) Triple-color U3 RNA-FISH, Nsrlp immuno-
localization, and DAPI staining analysis of AripI cells fixed at 25°C
(left panel), or after a 10-min (middle panel) or 40-min (right panel)
incubation at 42°C. U3 RNA was visualized with a Cy3-labeled probe,
Nsrlp was detected using an Nsrlp-specific antibody, and DNA was
stained with DAPI.
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poly(A) rows; data not shown) rather than with the extent
of HSP104 transcription/retention (Fig. 5, cf. NSR1 and
HSP104 rows; data not shown). Identical results were obtained
when staining for the Noplp protein (data not shown).

Dissipation of nucleolar antigens depends on active
RNAPII transcription

If disassembly of part of the nucleolus is triggered by a
heavy nuclear load of retained mRNA during an export
block, a lowering of the transcription activity induced by
heat shock should ease the phenotype. To test this predic-
tion, we analyzed Nop1 localization in the Aripl and Amftl
mutant backgrounds when combined with mutation of
transcription factors Rad3p (TFIIH component) or Srb4p
(Mediator component). In the background of both em-
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ployed alleles, rad3—6.4 and srb4—138, RNAPII-dependent
transcription is markedly decreased at the restrictive tem-
perature (Thompson and Young 1995; Holstege et al. 1998;
Jensen et al. 2004).

The Noplp fragmentation phenotypes of the Aripl and
Amft]l single mutants after prolonged incubation at 42°C
were completely suppressed by introduction of the rad3—6.4
and srb4—138 mutations (Fig. 6A,B). This result was evident
at the levels of both Nop1p (Fig. 6A) and U3 (Fig. 6B) RNA
localization. Moreover, similar results were obtained when
introducing the rad3-6.4 mutation into the rnal4-3 strain
(data not shown).

Finally, we tested the effect of the transcription inhibitor
thiolutin to assess whether it would mimic the effects of the
Rad3p and Srb4p mutations. The transcription down-
regulatory effect of the drug was verified by a dramatic
decrease in the nuclear p(A)* RNA-FISH signals in thio-
lutin-treated Amftl and Aripl cells compared with their
untreated counterparts (Fig. 6C, first column). When
evaluating nucleolar morphology by Nsrlp immunostain-
ing and DAPI overlay, the presence of thiolutin in the
Amftl and Aripl contexts clearly decreased the extent to
which the Nsrlp signal spread into the chromatin region
(Fig. 6C). The less potent effect of thiolutin, as compared
with the rad3-6.4 and srb4-138 mutations, might be
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FIGURE 4. Nop5p fragmentation in the Amftl and Aripl strains.
Triple-color HSP104 RNA-FISH, Nop5p immunolocalization, and
DAPI staining analysis of Amftl, Aripl, and WT cells fixed at 25°C
(left panel), or after a 10-min (middle panel) or 40-min (right panel)
incubation at 42°C. HSP104 RNA, DNA, and protein were visualized
as described in legend to Fig. 2.
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FIGURE 5. Fragmentation of nucleolar antigens is reversible.
HSP104, poly(A)" RNA-FISH, Nsrlp immunolocalization, and DAPI
staining analysis of Amft] cells fixed after incubation at 25°C or after
10, 40, or 100 min at 37°C. Poly(A)" RNA was visualized with the
Cy3-labeled and LNA-modified THJ790 dT,, probe (Thomsen et al.
2005). HSP104 RNA, Nsrlp protein, and DNA were detected as
described in legend to Figs. 1 and 3. Nsrlp and DAPI images were
merged as indicated.

because it also has an inhibitory effect on RNAPI tran-
scription (Jimenez et al. 1973). Nevertheless, taken to-
gether, our data strongly indicate that a general decrease
in RNAPII-dependent transcription prevents disassembly
of nucleolar antigens.

Fragmentation of nucleolar antigens is not
due to impaired export of ribosomal subunits

It was recently demonstrated that in addition to its role in
mRNA export, the Mex67p/Mtr2p heterodimer also func-
tions in the nuclear export of the ribosomal large 60S
subunit (Yao et al. 2007). It was therefore possible that
ribosome export was affected in other mRNA export
mutants, either directly, or via titration of ribosome export
factors by excess nuclear mRNA levels. This in turn could
slow recycling of ribosome assembly factors, leading to
dissipation of nucleolar antigens. To test for this possibility,
we assayed the cellular localization of Rps3—GFP (40S small
subunit reporter), Rpl25-GFP (60S large subunit reporter),
and Nmd3-GFP (60S subunit export receptor) in WT,
Aripl, mex67-5, and Amftl strains at 25°C, or after a
40-min heat treatment at 37°C or 42°C. At 25°C, all three
GFP-reporter proteins distributed to both the nucleus and
the cytoplasm of all four strains (Fig. 7A, left panels).

Moreover, this distribution of Rps3—GFP was unaltered
upon increasing the temperature, showing that nuclear
export of 40S rRNA subunits is functional in all mutant
contexts. In contrast, nuclear export of Rpl25-GFP was
clearly decreased at 42°C, to some extent in WT cells, but
even more so in the three mRNA export mutants (Fig. 7A,
right panels). However, despite these export phenotypes,
nucleolar disruption cannot solely be explained by this
effect, as, e.g., at 37°C in the Amft]l and mex67-5 strains,
where Noplp/Nsrlp/Nop5p rapidly disassemble (Fig. 5;
data not shown), neither 40S rRNA nor 60S rRNA subunit
transport defects were detected (Fig. 7A).

At 42°C, the Nmd3—GFP fusion protein appeared frag-
mented. However, this phenotype is presumably distinct
from the Noplp/Nsrlp/Nop5p fragmentation phenotype,
as it was also evident in WT cells.
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. Aripl
Arip1 42°C 15’
42°C15’
Arip1
Arip1 42°C 60’
42°C 60’
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rad3-6.4
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Amft1/ 42°C 40’
rad3-6.4 -thiolutin
42°C 60’
Arip1
42°C 40’
Amft1/ +thiolutin
srb4-138
42°C 60’

FIGURE 6. Dissipation of nucleolar antigens in mRNA export
mutants depends on on-going RNAPII transcription. (A) Dual-color
Noplp immunolocalization and DAPI staining analysis of Aripl,
Aripl/rad3—6.4, Amftl, Amftl/rad3-6.4, and Amftl/srb4-138 cells
fixed after a 15-min or 60-min incubation at 42°C as indicated. (B)
Dual-color U3 RNA-FISH and DAPI staining analysis of Aripl and
Aripl/rad3—6.4 cells fixed after a 15-min or 60-min incubation at 42°C
as indicated. (C) Poly(A)* RNA, Nsrlp, and DAPI staining of Amftl
or Aripl cells incubated for 40 min at 42°C in the absence (first and
third rows) or the presence (second and fourth rows) of 50 pg/mL
thiolutin. U3 RNA, poly(A)" RNA, and Nsrlp were visualized as
described in legends to Figs. 1-5. Images were merged as indicated.
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FIGURE 7. Production and nuclear export of ribosomal subunits
under conditions of nucleolar dissipation. (A) Localization of Rps3—
GFP, Rpl25-GFP, and Nmd3-GFP in WT, Aripl, mex67-5, and Amft1
cells at 25°C (left columns), or after a 40-min incubation at 37°C
(middle columns) or 42°C (right columns). (B) Northern blotting of
indicated ribosomal and SCR1 RNAs from 7 pg of total RNA purified
from WT, Aripl, mex67-5, and Amftl cells grown at 25°C, or
temperature-shifted for 40 min to 37°C or 42°C. 208, 18S, 27S, and
25S RNAs were separated on 1.2% agarose gels containing formalde-
hyde. 5.85 and SCR1 RNAs were separated on an 8% polyacrylamide
gel.

To test for more specific effects of an mRNA export
block on rRNA processing, we compared, by Northern
blotting analysis, the state of various rRNA species between
WT and Aripl, mex67-5, and Amft1 cells at 25°C, or after a
40-min heat treatment at 37°C or 42°C. Except for 18S
rRNA, which was largely unaffected by temperature change,
levels of other rRNAs decreased in all strains by increasing
temperature (Fig. 7B). This is presumably because of the
substantial decrease in levels of transcripts encoding ribo-
somal proteins upon heat shock (Warner 1989). Impor-
tantly, although rRNA levels are higher in the WT strain
compared with the three mRNA export mutants, this rela-
tive difference was apparent already at 25°C. Thus, the
dissapation of nucleolar antigens at the restrictive temper-
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atures (37°C or 42°C) does not seem to severely affect
rRNA processing in these mutants.

DISCUSSION

In the present study, we have screened the 83% of
S. cerevisiae gene knockouts that are viable and identified
15 genes whose deletion individually disables HSP104 RNA
release from its transcription site focus. Both “early” and
“late” export factors were identified: (1) all of the four
THO complex components, presumed to couple transcrip-
tion to mRNA export by stimulating cotranscriptional
maturation of mRNP (Schneiter et al. 1999; Jimeno et al.
2002; Libri et al. 2002; Strasser et al. 2002; Zenklusen et al.
2002); (2) the Sac3p/Thplp dimer, which has a reported
role in transcription but also localizes to the NPC (Fischer
et al. 2002; Gallardo et al. 2003; Lei et al. 2003); and finally,
(3) nine components of the NPCs. Fourteen of the cor-
responding protein products of the respective deletions
have previously been assigned a role in mRNA export based
on the nuclear accumulation of bulk p(A)* RNA upon
their mutation/deletion (Saccharomyces Genome Database:
www.yeastgenome.org). Moreover, we have previously de-
tected retained hsRNA in five of the deletion strains (the
four THO deletions as well as Aripl) (Jensen et al. 2001b;
Libri et al. 2002). The fact that only factors with a previous
history in mRNA transport and/or NPC integrity are iden-
tified in the screen suggests that the HSP104 RNA dot-
formation phenomenon is highly specific. Furthermore, it
indicates that additional nonessential genes with a role in
HSP104 RNA export are unlikely to exist.

The most robust HSP104 RNA retention phenotype was
observed in deletions of genes encoding THO and Sac3p/
Thplp complex components as well as in strains deleted for
RIPI/NUP42, NUP84, NUPI00, and NUPI33. A role of
the two former complexes in HSP104 RNA export can be
rationalized by their association with the Mex67p/Mtr2p
dimeric mRNA transport receptor; i.e., the THO complex
connects to Mex67p via its association with Sub2p and the
Mex67p-interacting protein Yralp, and Sac3p binds di-
rectly to Mex67p. Of the NUPs, Riplp/Nup42p is impor-
tant for the final step in mRNA export, presumably by pro-
viding a platform on the cytoplasmic side of the NPC from
where the RNA helicase Dbp5p, and its Riplp-binding
activator Glelp, can facilitate mRNP remodeling and sub-
sequent cytoplasmic release (Lund and Guthrie 2005; Alcazar-
Roman et al. 2006; Weirich et al. 2006). Nup84p, Nup100p,
and Nupl33p are all situated in the vicinity of Riplp/
Nup42p in the molecular architecture of the yeast NPC
(Rout et al. 2000). Of the weaker HSP104 RNA export mu-
tants, Nup60p has no functional history in mRNA export.
However, Nup60p has been reported to anchor Nup2p,
whose deletion leads to HSP104 RNA retention (Table 1),
to the nuclear face of the NPC, providing a possible
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explanation for the appearance of the Anup60 strain in our
screen (Denning et al. 2001).

The 15 deletion strains reported here add to the dozen or
so mRNA export mutants, which retain hsRNAs, SSA4, or
HSP104, in nuclear dots (Hilleren et al. 2001; Jensen et al.
2001a,b; Libri et al. 2002; Zenklusen et al. 2002; Dunn et al.
2005; data herein and data not shown). The differential
localization of the mutated or deleted factors, e.g., tran-
scription machinery- or NPC-associated, reinforces the notion
that regardless of the physical location of the defect, hsRNA
retention may be caused by the similar molecular pheno-
type (Jensen et al. 2001a). A possibility is that bulk mRNA
retained in the nucleoplasm upon a persistent export block
sequesters important factor(s) required for mRNP release
from transcription site foci. The identification of such a
factor(s) will be an important contribution to our under-
standing of the early stages in mRNP nuclear export.

Based on the yeast strains analyzed in this study, the
correlation between the inability to export mRNA and
fragmentation of nucleolar antigens is strong. This is be-
cause model strains of those that we coin “mRNA export
mutants” in the present paper also have been directly
shown to accumulate substantial amounts of hyperadeny-
lated mRNA in their nuclei (Hilleren et al. 2001; Jensen
et al. 2001b). Moreover, Northern blotting of rRNAs and
snoRNAs in these mutants shows no sign of polyadenyla-
tion of these species (Fig. 7B; data not shown). Thus, at
least the major part of the nuclear p(A)" signal in these
strains must arise from mRNAs. As an anecdotal point, the
mtr3—1 and mtr4—1 mutant alleles of the two nuclear exo-
somal factors Mtr3p and Mtr4p were first identified in the
original p(A)" RNA-FISH isolation of mRNA transport-
defective (mitr) mutants (Kadowaki et al. 1994a). Like for
the Arrp6 and Arrp47 mutants, the p(A)" signal accumu-
lating in nuclei of these strains turns out to localize outside
the DAPI-stained chromatin nuclear region and instead
overlaps with Noplp and Nsrlp (Thomsen et al. 2005;
Carneiro et al. 2007; Rougemaille et al. 2007; data not
shown). The majority of the p(A)" signal in these mutants
is produced by the Trfdp poly(A) polymerase and most
likely stems from the adenylation of rRNA and other stable
nucleolar RNAs (Rougemaille et al. 2007). Thus, mtr3—1 and
mtrd4—1 are not bona fide mRNA export mutants. Consis-
tently, exosome mutants do not retain HSP104 RNA in their
nuclei (Rougemaille et al. 2007; data not shown), and the
nucleolus remains intact in the Arrp6, Arrp47, and mird—1
strains, even after a 40-min incubation at 42°C (Fig. 3A).

The extent to which the nucleolus fragments during an
mRNA export block is not clear. Noplp, Nsrlp, Nop5p,
and U3 RNA all operate quite early in the ribosome
assembly pathway, and therefore it is possible that their
dissipation is due to alteration of one specific early process.
This idea is somewhat at odds with Northern blotting
analysis of rRNA processing intermediates, which failed to
identify a maturation step that was specifically inhibited.

Attempts to directly address the question by analyzing the
behavior of nucleolar proteins involved in later steps of
rRNA biogenesis revealed that, although normal nucleolar
localization of these factors (i.e., Nmd3p and Rrp6p) was
indeed disturbed in mRNA export mutants, this was also
the case in a WT strain at high temperature (Fig. 7A; data
not shown). Investigations by, e.g., electron microscopy, will
be needed to analyze the more general impact on nucleolar
morphology under these different conditions.

Although we cannot exclude that reduced nuclear export
of transcript(s) encoding factors required for nucleolar
integrity underlies the observed correlation, the rapidity by
which the localizations of Noplp, Nsrlp, Nop5p, and U3
RNA are affected suggests that the connection between
retained mRNA and dissolution of nucleolar antigens is
more direct. Interestingly, the transient nature of nuclear
mRNA accumulation in the Amft] mutant at 37°C reveals
that nucleolar antigens reassemble when the nuclear load
of p(A)" RNA wears off (Fig. 4). Taking this together with
the observation that mRNA retention preceedes nucleolar
disruption, and that the latter phenotype requires RNAPII
transcription, we suggest that the excess nuclear load of
p(A)" RNA is at least one of the triggers causing nucleolar
antigens to dissipate. This view is supported by our general
observation that the major portion of the Noplp, Nsrlp,
and Nop5p immunofluorescent signals seemingly “move”
to DAPI-stained chromatin upon nucleolar disassembly.
However, our data do not support the simple interpreta-
tion that Nop1p/Nsr1p/Nop5p are merely attracted to the
extra binding sites provided by retained mRNA, as visual-
ized by p(A)" or HSP104-RNA-FISH. This is because
neither immunocytochemical nor UV cross-linking experi-
ments show a significant interaction between p(A)* RNA
and Noplp, Nsrlp, and Nop5p under these conditions
(data not shown). Rather, RNA and protein signals occa-
sionally overlap, but neither a strong tendency to cluster
nor to be excluded from the same nuclear volume can be
observed. These observations contradict an earlier report,
showing Noplp/p(A)" RNA colocalization in the non-
chromatin region of the yeast mtr2—I mutant nucleus, sug-
gesting mRNA movement to the nucleolar space (Kadowaki
et al. 1994b). Whether this apparent discrepancy reflects an
mtr2—1-specific phenotype, or is due to the fact that the
reported colocalization experiment was performed at rela-
tively long (90-min) incubation times at the restrictive
temperature, remains to be determined.

Nuclear export of ribosomal subunits takes place under
conditions of Noplp/Nsrlp/Nop5p mislocalization (Fig.
7A). Thus, inefficient ribosome transit is unlikely to be
causing nucleolar disruption. A more likely trigger could be
that ribosomal proteins imported from the cytoplasm never
make it to the nucleolus because they are depleted by the
excess nuclear mRNA in these mutants. This might affect
aspects of pre-ribosome assembly and lead to dissolution of
nucleolar proteins already residing in stable complexes. In
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such a scenario, Nop1p/Nsr1p/Nop5p nucleolar dissipation
would be a secondary event, which could also explain the
lack of mRNA association of these factors.

A somewhat more provocative suggestion would be that
some factors are recruited from the nucleolus to the nucle-
oplasm in a functionally relevant manner, and that return
of these proteins to their steady-state environment is inhibited
when mRNA export is blocked. The idea that nucleolar
components partake in mRNP reactions has previously
been put forward (Schneiter et al. 1995). While the present
data do not allow us to address this issue, a previous ar-
gument against a role for at least Noplp in mRNA export
is the inability to detect accumulation of nuclear p(A)*
RNA in a number of Noplp mutant backgrounds
(Tollervey et al. 1991, 1993).

The eukaryotic nucleus is a dynamic entity harboring
factors that constantly roam the nuclear space. Nucleolar
morphology is most likely determined by the transient
functional and physical interactions of its constituents, and
seemingly small changes can have profound structural con-
sequences; e.g., deficient capping of snoRNAs leads to loss
of nucleolar organization (Colau et al. 2004). The dramatic
changes in molecular environment that occur in S. cerevi-
siae mRNA export mutants therefore reinforce the need for
examining mRNA-related phenotypes at the earliest possi-
ble time point after transfer to restrictive conditions.

MATERIALS AND METHODS

Yeast strains, manipulations, and growth conditions

Specific yeast strains utilized in this study are shown in Table 2.
Strain manipulations were done by standard procedures. For

TABLE 2. Saccharomyces cerevisiae strains used in this study

growth conditions involving a temperature shift, strains were
grown at 25°C to an ODggo = 0.1-0.3 in YM-1 medium followed
by addition of an equal volume of preheated medium to achieve
the desired growth temperature of 37°C or 42°C. In the case of
inhibition of RNAPII transcription by thiolutin, cells were grown
at 25°C, pelleted by centrifugation, and resuspended in 42°C
warm YM-1 medium containing 50 pg/mL thiolutin.

The EUROSCAREF gene deletion bank was screened by pooling
five strains at a time and subjecting the sample to a 42°C heat
shock for 20 min with subsequent processing for HSP104 RNA-
FISH analysis. In the case of nuclear retention of HSP104 RNA,
strains were subsequently assayed individually.

In situ hybridization, immunolocalization,
and GFP-localization analysis

Fixation and preparation of cells for FISH analysis were done as
previously described (Jensen et al. 2001b). For screening of the
EUROSCAREF strains, HSP104 RNA was detected using the pre-
viously described Cy3-labeled HSP104 oligonucleotide probes:
THJ203, THJ204, THJ205, and THJ206 (Jensen et al. 2001b).
Combined RNA-FISH/immunolocalization analyses were per-
formed as described (Thomsen et al. 2003), using the THJ361:
5'-gctgaaxagacgaaxcattgaaxagagcaaacaaxatatggtctxgeget, THJ362: 5'-
ctxtccccaaageaxaacttggagxtatctecgeaggxgeaggttgetgxt, THJ363: 5'-
atagxcgtaacggccextctcaatxagattctgxaggtaagggacxgatee, and THJ364:
5'-gtggaxgttgatgaxccgaagecaattttxgagecaacgxcaaaatcgtxag oligonu-
cletide probes (X denotes amino-modified T residue amenable to
Cy3 conjugation), and antibodies toward Noplp, Nop5p, and
Nsrlp (EnCor Biotech. Inc.) or GFP (Santa Cruz). The THJ361-364
probes target the 5" end of the HSP104 transcript and were used
because they yield a more robust signal reproducibly tolerating
the subsequent immunolocalization procedure. Poly(A)" RNA
detection was carried out using the LNA-modified dT,, probe
as described (Thomsen et al. 2005), and U3 RNA detection was
performed as described (Verheggen et al. 2001).

Strain Name Genotype References

W303 wt ura3-1, ade2—1, his3-11,5, tp1-1, leu2-3,112, can1-100 Libri et al. (2002)

W303 Amft] As W303, Mata, mft1::KAN" Libri et al. (2002)

W303 Arip1 As W303, Mata, rip1::KAN Stutz et al. (1997)

W303 mex6/-5i As W303, Mata, mex67-5 (integrated mutation) Dieppois et al. (2006)

W303 rnal4-3 As W303, Mata, rnal4-3 Libri et al. (2002)

W303 pap1-1 As W303, Mata, pap1-1 M. Rosbash (Brandeis

University)

W303 Arrp6 As W303, Mata, rrp6::KIURA3 Libri et al. (2002)

W303 Amftl/rad3-6.4 As W303, Mata, rad3—6.4, mftl::KAN Jensen et al. (2004)

W303 Amft1/srb4-138 As W303, Mata/a, srb4-138, mftl::KAN This study

W303 Arip1/rad3—6.4 As W303, Mata/e, rad3-6.4, rip1::KAN Jensen et al. (2004)

W303 Arrp47 As W303, Mata/e, rip47::URA3 Rougemaille et al. (2007)

BY4741 Asac3 Mata, his3A1, leu2A0, met15A0, ura3A0, sac3::KAN EUROSCARF

FY23 rat7-1 Mata, trp1A63, ura3-52, leu2A1, rat7-1 Gorsch et al. (1995)

yRP1589 mtr4—1 Mata, mtr4::LEU2, cup1::LEU2PM, lys2-201 his34200 Hilleren et al. (2001)
and/or-539 ura3-52, leu2A1 or —3,112 [mtr4—1-URA3]

GA1320/W303 Amft1/HSP104-LacO Mata, HSP104-LacO-TRP1, mft1::KAN, Lacl-GFP-HIS This study

GA1320/W303 Arip1/HSP104-LacO Mata, HSP104-LacO-TRP1, rip1::KAN, Lacl-GFP-HIS This study

GA1320 Asac3/HSP104-LacO Mata, HSP104-LacO-TRP1, sac3::KAN, Lacl-GFP-HIS This study
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For transport assays of GFP-fused proteins, WT, Aripl, mex67—
5, and Aripl strains were transformed with plasmids expressing
Rps3—GFP, Nmd3—-GFP, or Rpl25-GFP as described (Yao et al.
2007).

Imaging

Images were acquired on an Olympus BX51 microscope equipped
with a cooled Olympus DP50 CCD camera and analySIS software.
Image handling was done in Adobe Photoshop.

Northern blotting analysis

Total RNA was purified using the “hot phenol” method. RNAs
were detected using the following 5'end-labeled oligonucleotide
probes: 20S: (002: 5'-GCTCTTTGCTCTTGCC-3"), 18S: (008: 5'-
CATGGCTTAATCTTTGAGAC-3"), 27S: (003: 5'-TGTTACCTCT
GGGCCC-3"), 25S: (007: 5'-CTCCGCTTATTGATATGC), 5.8S:
(05.8S: 5'-TGCGTTCTTCATCGATGCGAGAACC-3'), and SCRI:
(0ScR1: 5'-GTCTAGCCGCGAGGAAGG-3'), as previously de-
scribed (Briggs et al. 1998; Oeffinger et al. 2004; Panse et al. 2006).
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