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ABSTRACT

Stress response requires the precise modulation of
gene expression in response to changes in growth
conditions. This report demonstrates that selective
nuclear mRNA degradation is required for both the
cell wall stress response and the regulation of
the cell wall integrity checkpoint. More specifically,
the deletion of the yeast nuclear dsRNA-specific
ribonuclease lll (Rnt1p) increased the expression
of the mRNAs associated with both the morphogen-
esis checkpoint and the cell wall integrity pathway,
leading to an attenuation of the stress response.
The over-expression of selected Rntip substrates,
including the stress associated morphogenesis
protein kinase Hslip, in wild-type cells mimicked
the effect of RNT1 deletion on cell wall integrity,
and their mRNAs were directly cleaved by the re-
combinant enzyme in vitro. The data supports a
model for gene regulation in which nuclear mRNA
degradation optimizes the cell response to stress
and links it to the cell cycle.

INTRODUCTION

The cell cycle is a four-step process that leads to the
replication of the genetic content and cell division (1).
The production of viable progeny requires tight control
of each stage, starting with the first gap (G1) in which the
cell reaches maturity and acquires the nutrition required
for the division (2). Once a critical size is reached, DNA
synthesis begins in the start (S) phase. This is followed by
a second gap (G2) that ensures the readiness for the final
stage of mitosis (M) and division (3). The transitions
through the different phases of the cell cycle are driven
by factors generated from cyclically transcribed genes (4).
The periodicity of the transcriptional activation is
achieved largely through post-translationally regulated

transcription factors (5), while the impact of transcrip-
tional inhibition is ensured by the generally short half
life of the cell cycle regulated mRNAs and proteins (6).
In addition, there are a few cases in which the post-
transcriptional regulation of RNA stability is associated
with the cell cycle. For example, it has been reported that
the degradation of the mRNA coding for the G2 cyclin
Clb2p is required for the exit from mitosis (7), while the
stabilization of the Igol and Igo2 mRNAs is required for
quiescence upon starvation (8). However, the contribution
of RNA stability to the cell cycle remains limited to few
examples, and the mechanism by which it contributes to
the cell cycle checkpoints remains unclear.

Checkpoints represent quality control mechanisms that
ensure that the appropriate conditions are met in order for
the cell to divide (9). Under normal conditions, the check-
points ensure that each phase of the cell cycle is complete
before the next one starts. However, when cells are
exposed to unfavourable growth conditions, activated
checkpoints delay the cell cycle in order to allow the
cells to recover from the insult (10). For example, while
the inhibitor of B-type cyclins Siclp normally acts as a
part of the checkpoint for the completion of the Gl
phase by inactivating the cyclin-dependent kinase
Cdc28p (11), it also delays the cell cycle when the cells
are exposed to osmotic stress. Hypertonic shock activates
the high osmotic glycerol (HOG) pathway that delays cells
in the Gl phase by stabilizing Siclp (12). The HOG
pathway also arrests cells in the G2 phase by
phosphorylating the morphogenesis checkpoint kinase
Hsllp (13). Similarly, the activation of the cell wall integ-
rity (CWI) pathway delays the G2/M transition through
the activity of the mitogen-activated protein kinase
(MAPK) Sit2p (14). Indeed, both pathways use similar
factors and strategies to regulate the cell cycle, and
several links connecting the different stress response
networks have been described (15). For example, Hsllp
phosphorylation by Hoglp upon activation of the HOG
pathway has recently been shown to contribute to the
regulation of SIt2p (16). In contrast, transcription
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factors, such as Rlmlp, may be activated by both the
Sit2p- and Hoglp-dependent pathways (17). Besides
protein phosphorylation and transcriptional activation,
the cell wall stress results in a global modulation of
mRNA stability (18). However, the contribution of the
RNA-dependent regulation of gene expression to the
stress-dependent cell cycle checkpoints remains largely
unexplored.

This study examines the contribution of RNA stability
to stress-dependent checkpoints by monitoring the impact
of yeast nuclear dsSRNA-specific ribonucleases (Rntlp) on
mRNAs associated with the cell cycle. The deletion of
RNTI, a kin of the human ribonuclease Dicer (19),
delays the GI phase of the cell cycle (20) and increases
the resistance to hypertonic stress (21), suggesting possible
links between RNA degradation and the stress-dependent
cell cycle checkpoints. A survey of potential Rntlp sub-
strates associated with the cell cycle identified cleavage
signals within the mRNAs coding for the stress-dependent
checkpoint-associated proteins Swidp and Hsllp. Cells
lacking Rntlp were found to be sensitive to stresses
related to the CWI pathway, and many of the genes in
this pathway were upregulated by the deletion of RNT/
in vivo and were cleaved by recombinant Rntlp in vitro. In
contrast, the genes implicated in the HOG pathway
involved in the hypertonic response were not cleaved by
Rntlp in vitro, and rntlA cells were not found to be sen-
sitive to high osmotic conditions (21). Together, these
results add a new layer to the mechanism of the stress-
dependent regulation of the cell cycle whereby the selective
RNA degradation conditionally alters gene expression.

MATERIALS AND METHODS
Strains and plasmids

All yeast strains used in this study are listed in
Supplementary Table S1 and were grown and manipulated
using standard procedures (22). The RNTI! and rntlA
strains were generated by the replacement of one of the
RNTI alleles by HIS3 in the LLY36 diploid strain,
followed by spore dissection (23). The primers used for the
PCR product integration are described in Supplementary
Table S2. Green fluorescent protein (GFP)-tagged strains
were purchased from Invitrogen (Burlington, ON,
Canada) and were described in (24). Plasmid pEGH-HSLI
was purchased from Open Biosystems (Huntsville, AL,
USA) and was described in (25). The double and single
deletion mutants were obtained by crossing single mutants
from the Yeast knock out collection obtained from Open
Biosystems (26) with the rnz/A strain, both of which are
derivatives of S288C. Clones isogenic to the rnt/A strain
were selected after spore dissection.

RNA analysis

RNA extractions and Northern hybridizations were per-
formed as previously described (27). Cleavage of total
RNA was performed by mixing 50 pg of total RNA and
4 pmol of purified Rntlp and incubating for 20 min at 30°C
(28). Standard 1% denaturing agarose gels were used to
separate 20pg of the RNAs before their transfer to

hybond N+ membrane (GE Healthcare, Baie d’Urfe, QC,
Canada). Hybridization signals from probes generated by
the random labelling (29) of gene-specific PCR fragments
were quantified using a PhosphorImager (GE Healthcare).
Mapping of the cleavage sites was performed by primer
extension as described previously (30). Rntl mRNA
levels were assayed by quantitative RT-PCR as described
in (31) using 1ng cDNA in 10pl reactions with the
FastStart Universal SYBR Green Master mix (Roche
Diagnostics, Laval, QC, Canada). All oligonucleotides
used in this study are listed in Supplementary Table S2.

Microarray analysis

RNA extracted from either W303-1A (32) or Arntl (33) cells
grown to either an ODgqq of 0.6 in synthetic complete media
at 26°C, or following a 4 h shift to 37°C, was hybridized to
yeast S98 Affymetrix Oligoarrays (Santa Clara, CA, USA).
The microarray experiment was realized and analyzed by the
Génome Québec Innovation Center (Montréal, QC,
Canada) using the Affymetrix standard software as
described in (27).

Search for Rntlp substrates

Microarray data from (27) and (21) and this study were
used to identify mRNAs over-expressed in absence of
RNTI. Rntlp cleavage signals were predicted in these
mRNAs as described in (34). Genes with mRNAs
over-expressed >2% in the three data sets with cleavage
signal scores >0.85 were tested for in vitro cleavage of
total RNA.

Microscopy

Swidp- and Hsllp-GFP fusion proteins were detected by
immunofluorescence of yeast cells prepared as described
in (20) using a rabbit anti-GFP (Invitrogen Canada,
Burlington, ON, Canada) at a dilution of 1:3000 and a
Texas-Red-X conjugated goat anti-rabbit antibody
(Invitrogen Canada) at a dilution of 1:1000. Nuclei were
stained with the DNA dye DAPI. Pictures were acquired on
a Zeiss Axio Observer microscope (Carl Zeiss Canada,
Toronto, ON, Canada) with a 100x/1.46 oil objective and
analyzed using the Columbus software (Perkin Elmer,
Woodbridge, ON, Canada). For live cell imaging, cells
were spotted on slabs of agarose containing growth
media, GFP was excited with a 470nm LED using the
Colibri system (Carl Zeiss Canada) and pictures taken
every 10min. Movie files were assembled from chosen
fields and annotated with the relative time in minutes.

DNA content analysis

Cells grown to log phase and fixed overnight at 4°C in
75% ethanol were prepared for flow cytometry analysis
by propidium iodide staining as described (20). In
general, 10000 cells were scored in a FACScan (Becton
Dickinson, Mississauga, ON, Canada).

Growth assays

Cells grown to log phase in rich media at 26°C were used to
inoculate 100 ul cultures in 96-well plates as described
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previously (35). The cultures were incubated at the appro-
priate temperature with shaking in a PowerWave
microplate  scanning  spectrophotometer  (Bio-Tek,
Winooski, VT, USA), and the absorbance at 600 nm was
read every 10 min for 80 h. Doubling times for each growth
condition were calculated as explained in (35), and were
compared to growth in rich media at 26°C. For the
genetic interaction analysis, the same procedure was
followed for all single and double mutants. The growth of
the different strains was evaluated relative to the RNT]
strain grown under the same condition. The expected
additive growth defects were estimated for each double
mutant by multiplying the relative growth rates of the
single mutants (36). A synthetic sickness phenotype was
scored when the actual relative growth rate of a double
mutant was lower than the expected value by more than 1
standard deviation. All growth assays were performed in
duplicate for two independent clones.

RESULTS

Identification of the RNA degradation events required for
cell cycle progression

The deletion of RNTI causes a delay in the G1 phase of
the yeast cell cycle, and results in budding defects (20).
The delay in the cell cycle and the budding anomalies
are largely restored to normal by a RNT1 allele carrying
a mutation in the catalytic domain which blocks RNA
cleavage without affecting RNA binding, suggesting that
RNA cleavage is not essential for cell cycle progression
(20). However, it is unclear how the dsRNA-specific ribo-
nuclease may affect the cell cycle in a cleavage independ-
ent manner. One possibility is that Rntlp may reduce gene
expression by stably binding its target RNA and prevent-
ing its export to the cytoplasm for translation. In this case,
the catalytically impaired enzyme may restore the cell
cycle phenotype by binding to RNA that would
normally be cleaved by the wild-type version. In order
to examine this possibility, the impact of Rntlp on the
expression of the mRNAs associated with the yeast cell
cycle in the KEGG (Kyoto Encyclopaedia of Genes and
Genomes) pathway was monitored in vivo, and their
cleavage potentials in vitro were tested using a recombin-
ant enzyme. Out of the 125 cell cycle associated genes in
the KEGG pathway, 50 harboured predicted Rntlp
cleavage sites, nine were consistently over-expressed in
rntlA cells and three were both over-expressed in vivo
and contained a potential cleavage site for Rntlp
(Figure 1A and Supplementary Table S3). Examination
of the known functions of these three potential Rntlp
substrates, Apc4, a component of the anaphase promoting
complex (37), Hsll, a kinase regulating the morphogenesis
checkpoint (38) and Swi4, the DNA binding component of
the SBF transcription factor (39), suggests a common
function in regulating stress response and cell cycle pro-
gression (16,40,41). Therefore, we propose that Rntlp
represses the expression of a specific and functionally
related group of genes that are implicated in stress-
dependent cell cycle regulation.
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Rntlp directly cleaves the mRNAs of the genes
associated with cell cycle regulation

The deletion of RNT1 affects the expression of many genes
and, as such, the changes in the expression levels of APC4,
SWI4 and HSLI may simply be an indirect event independ-
ent of Rntlp’s catalytic activities. In order to rule out this
possibility, the ability of recombinant Rntlp to directly and
selectively cleave the natural Apc4, Swi4 and Hsll mRNAs
in vitro was tested. Total RNA was extracted from either
wild-type (RNTI), or rntlA cells, and was incubated in
either the presence or absence of recombinant Rntlp. As
expected, the deletion of RNT! increased the mRINA levels
of all three genes with P-values ranging from 0.01 to 0.02,
confirming the predicted changes in gene expression
(Figure 1B). However, only the Swi4 and Hsll mRNAs
were cleaved when incubated with recombinant Rntlp
in vitro (Figure 1B). The rRNA and Actl mRNA, which
were used as negative controls (Figure 1B, bottom panels),
as well as the Apc4 mRNA were not cleaved (Figure 1B,
right panels), indicating that Rntlp selectively cleaves the
Swi4 and Hsll mRNAs. The cleavage site of Swi4 was
mapped by primer extension to the proximity of a canonical
Rntlp cleavage site (Figure 1C, left panel), while that of the
Hsll mRNA was mapped close to a stem-loop structure
formed through long-range interactions within the 3’ end
of the gene (Figure 1C, right panel). Consistently, impairing
the catalytic activity without affecting either the RNA or
protein binding activity of the enzyme (20) was sufficient to
increase the expression levels of both Hsll and Swi4, con-
firming that Rntlp catalytic activity is required for the in-
hibition of the expression of these genes (Supplementary
Figure SI). Similarly, inactivating a thermosensitive
mutant of Rntlp lead to the accumulation of Hsll and
Swi4 mRNAs (Supplementary Figure S2A) and cleavage
products of Rntlp can be stabilized in exoribonuclease de-
ficient strains (Supplementary Figure S2B and S2C).
Clearly, Rntlp directly triggers the RNA degradation of
at least two cell cycle genes implicated in the stress response.

RNTI deletion alters the levels and cellular
localization of Hsllp

Swidp is expressed throughout the cell cycle (42), while the
expression of Hsllp is tightly linked to the cell cycle with a
maximal protein amount being detected in S phase (38,43).
In order to evaluate the impact of RNA degradation on
these two different modes of genes expression, the protein
levels of both SWI4 and HSLI were monitored during the
cell cycle both before and after the deletion of RNTI. The
chromosomal copies of SWI4 and HSL1I were tagged with
GFP, and the intracellular signal was quantified using epi-
fluorescence microscopy. The proteins were visualized by
immunostaining of cells in each phase of the cell cycle (as
judged by the bud size) using antibodies against the GFP
tag. As expected, in wild-type cells, GFP-tagged Swidp
expression was detected in all phases of the cell cycle
(Figure 2A, left panel). In the G1 and S phases of the
cell cycle, Swidp was mostly nuclear while some cytoplas-
mic staining was observed in the G2/M phases
(Figure 2A). The deletion of RNTI caused an overall
increase in the expression of Swidp by an average of
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Figure 1. Identification of post-transcriptionally regulated cell cycle genes. (A) All mRNAs associated with cell cycle genes in the Kegg’s cell cycle
pathway were analyzed for the presence of Rntlp cleavage signals. Genes that are upregulated upon the deletion of RNT1, as indicated by expression
microarrays, were validated for cleavage by recombinant Rntlp in vitro. Genes coding for RNA that are directly cleaved by Rntlp were deemed
candidates for cell cycle-dependent post-transcriptional regulation. (B) Northern blot analysis of total RNA extracted from wild-type cells (RNT/) or
cells lacking the RNT1 gene (rntlA) and incubated with or without recombinant Rntlp in vitro. The different bands were visualized using probes
specific to the sequence of Swi4, Hsll or Apc4 mRNAs. A probe against the actin mRNA (Actl) was used as negative control of the cleavage
reaction. Note the incubation of total RNA with Rntlp did not change the levels of Actl mRNA (middle panel). The stained image of the ribosomal
RNAs on the membrane prior to hybridization is also shown as loading control. The positions of the mature RNA and the cleavage product (P) are
indicated beside the gels. The relative mRNA amount (RMA) in rnt/A with respect to RNTI averaged from at least two experiments £+ SD are
shown below the gel. The P-values of the increase in the levels of Swi4, Hsll and Apc4 are 0.009, 0.007 and 0.02, respectively. (C) Mapping Rntlp
cleavages within the coding sequence of Swi4 and Hsll mRNA. RNA extracted from either wild-type or rnt/A cells was incubated with purified
Rntlp enzyme. The cleaved RNA was subjected to primer extension using primers downstream of the predicted Rntlp cleavage sites (illustrated on
the left of each panel). Sequence reactions using the same primers were included as markers to identify the cleavage position. The positions of the
cleavage sites are identified by arrowheads on the right. The position of the different size markers are indicated on the left of the gel. The contrast of
the sequencing and primer extensions parts of the gels has been adjusted independently to permit the reading of the sequence ladders.
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bud neck, except during the G1 phase of the cell cycle
where very low levels of the protein were scattered
throughout the cytoplasm in about 15% of the cells
(Figure 2B, right panel). The deletion of RNT! increased
the expression of Hsllp in all phases of cell cycle by an
average of 4.4-fold. However, the most important increase
(21-fold) was observed in G1 when Hsllp is normally sup-
pressed, indicating that Rntlp plays an important role in
the cell cycle-dependent repression of Hsllp (Figure 2B,

22-fold regardless of the cell cycle phase (Figure 2A, center
panel). Together the results indicate that Rntl1p-dependent
mRNA degradation plays an important role in repressing
the expression of Swidp in all phases of the cell cycle.

In the case of HSLI, the maximum level of the protein
in wild-type cells was detected in the S phase as previously
reported (38,43), and decreased in G2/M, reaching its
minimum level in G1 (Figure 2B, left panel). Almost all
of the Hsllp detected in wild-type cells was localized in the
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Figure 2. Detecting the impact of RNT/ deletion on the cell cycle-dependent expression of Swi4 and Hsll proteins. (A) Expression of GFP-tagged
Swidp as detected by immunofluorescence using tag-specific antibodies. Representative pictures for each phase of the cell cycle as determined by the
bud size are shown on the left panel. The tagged protein signals are shown in red, the DAPI staining of the nucleus is shown in blue. The composite
images showing the staining signals merged with images of the cell morphology obtained using differential interference contrast (DIC) are included at
bottom. Quantitative analysis of the cell cycle-dependent expression of Swidp is shown in form of bar graph (middle panel). The fold change in the
signal after RNT deletion was calculated using >200 cells from three independent experiments. The differences in Rntlp expression had P-values
ranging from 0.02 to 0.05. The right panel indicates Swi4p signals detected in the nucleus (nuc), nucleus and cytoplasm (nuc & cyto) or the cytoplasm
(cyto) in each phase of the cell cycle. (B) Expression of GFP-tagged Hsllp as detected by immunofluorescence using tag-specific antibodies. The
image acquisition and quantification were conducted as described in A. The distribution of the Hsllp signals in the cells at the bud neck (bn), the bud
neck and cytoplasm (bn & cyto) and the cytoplasm (cyto) is shown on the right. (C) Real-time imaging of Hsllp accumulation in living cells. The
expression of GFP tagged Hsllp was monitored in normally growing cells from the first appearance of the proteins (yellow arrow) until the signal is
no longer detected (red arrow) at the bud neck of dividing cells. Shown is the strongest signal detected for Hsllp at the bud neck. The scale bars
correspond to 5pum.
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center panel). Like Swidp, the deletion of RNTI also
affected the localization pattern of Hsllp rendering a
significant proportion of the protein cytoplasmic (Figure
2B, right panel). This indicates that the Rntlp cleavage of
the Hsll mRNA plays an important role in controlling the
production of Hsllp during the cell cycle by allowing the
protein to properly localize at the bud neck where it
conducts its main function in the morphogenesis check-
point (38). Based on these results, it was hypothesized that
Rntlp increases both the efficiency and the rapidity of the
cell cycle-dependent repression of this protein by ensuring
that all transcripts that are not needed are degraded in the
nucleus. In order to evaluate this possibility, the kinetics
of Hsllp accumulation were followed during the cell cycle
in live cells by tracking the Hsllp-GFP signal in both
RNTI and rntIA cells using epifluorescence. In
Figure 2C, Movie 1 (RNTI) and Movie 2 (rntlA), the
deletion of RNTI! increases the duration in which
Hsllp-GFP is detected in the bud neck by 90 min. This
suggests that the failure to degrade the Hsll mRNA in the
nucleus delays the shutdown of Hsllp expression. The
conclusion drawn is that Rntlp inhibits the cytoplasmic
localization and promotes the cell cycle repression of
Hsllp by degrading unwanted transcripts in the nucleus,
and consequently reduces the amount of protein
produced.

Over-expression of HSLI partially reproduces the
phenotype of the RNTI deletion

Since both Hsllp and Swidp are upregulated in absence of
RNTI (Figure 2A and B), it was hypothesized that the
Rntlp-dependent delay in the G1 phase of the cell cycle
might be induced, at least in part, by their over-expression.
Accordingly, the impact of HSLI over-expression on the
cell cycle was examined by over-expressing this gene from
a plasmid (Pgu-HSL]I) carrying the GALI promoter (25)
in wild-type cells. Cells were grown in the presence of
glucose then shifted to galactose containing media for
6h and the effect on cell cycle was monitored by both
microscopy and  cytometry  (Figure 3A  and
Supplementary Figure S3A). The expression from the in-
ducible promoter lead to bud neck and cytoplasmic distri-
bution of Hsllp as observed in the absence of Rntlp
(Supplementary Figure S3A and Figure 2B) and resulted
in a lower level of accumulation of Hsllp than did the
deletion of RNTI (Supplementary Figure S3B). As
expected, the cell shape, budding index and the cell
cycle-dependent distribution of DNA was not altered in
cells transformed with either the Pg,-HSLI plasmid or
an empty vector when the cells were grown in glucose
containing media (Figure 3A and Supplementary Figure
S3C). In contrast, Pg,-HSLI cells grown in galactose
containing media exhibited a marked increase in the
number of unbudded -cells, suggesting an increased
number of cells in G1. In addition, HSL/ over-expression
also induced the formation of cells with elongated buds
(Figure 3A). This phenotype is very similar to that previ-
ously reported upon the deletion of RNT1 (20) where most
of the cells were found to be either unbudded, or to
display an aberrant budding pattern. However, unlike

rntlI A cells, flow cytometry analysis did not reveal an
increase in cells with IN DNA content after the induction
of HSLI, as would be expected from the increase in the
number of unbudded cells (Figure 3A). Instead, a small
increase in the number of cells with 2N DNA was detected
as previously reported (44). Therefore, the over-expression
of HSLI appears to reproduce the budding but not the
DNA duplication delay associated with the deletion of
RNTI (Figure 3B). The accumulation of unbudded cells
that have completed DNA synthesis has been previously
observed with other mutants affecting the CWI pathway
(45). Accordingly, it appears that a part of rnt/A pheno-
type stems from an increase in the level of Hsllp that in
turn impairs the CWI pathway and inhibits bud forma-
tion. The over-expression of SWI4 did not delay cells in
G1, as judged by both DNA content and budding index
(Supplementary Figure S3D), suggesting that the increase
in Swidp is not the cause of the rnt/A cell cycle delay.
Interestingly, the over-expression of SWI4 slightly
increased the number of cells with long buds (Supple-
mentary Figure S3D) as is the case in rnt/A cells (20),
suggesting that the Rntlp-dependent repression of SWIi4
is required for normal bud formation and not cell cycle
progression. Indeed, it has previously been reported that
Swidp is implicated in the cell wall synthesis pathway that
affects bud formation (46).

The deletion of HSLI partially suppresses the phenotypic
defects of rntIA cells

In order to more directly determine the contribution of
Hsllp to the Rntlp-dependent phenotype, we tested the
impact of deleting HSLI on budding and the cell cycle in
both wild-type and rntlA cells. In Figure 3B, the deletion
of HSLI by itself increased the number of cells with large
buds and 2N DNA content, while the deletion of RNTI
resulted in the accumulation of unbudded cells carrying
IN DNA. This confirms a previous report suggesting that
while Rntlp is required for the progression through Gl
(20), the expression of Hsllp is needed for the M/G1 tran-
sition (47). Strikingly, the combination of both deletions
(rnt1 A hsllA) suppressed the Rntlp-dependent accumula-
tion of cells in G1 and restored the cell cycle phase ratio to
that observed with wild-type cells (Figure 3B). A few cells
exhibited multiple buds and greater than 2N DNA
content, suggesting a defect in budding. However, the
most pronounced phenotype of the rntiA hslIA cells
was the high rate of cell bursting and mortality, as 44%
of the cells observed by light microscopy were ghost cells,
and that a substantial fraction had less than 1IN DNA
content (Figure 3B). This phenotype could be rescued by
the addition of sorbitol to the growth media (Figure 3C),
indicating that Hsllp and Rntlp not only contribute to
cell cycle progression and bud formation but also influ-
ence CWI. The deletion of SWI4 did not affect the pheno-
type of rnt1 A cells, once again confirming that the increase
in Swidp is not the cause of the Rntlp cell cycle defect
(Supplementary Figure S3E). This indicates that Rntlp
contributes to both the Hsllp-dependent cell integrity
and bud formation.
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Figure 3. HSL/ and RNT! interact genetically. (A) Over-expression of HSL/ causes a delay in bud formation and the accumulation of long budded
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Rntlp is a key regulator of the cell wall stress pathway

Since the double deletions of RNTI and HSLI affected
CWI and Hsllp was previously implicated in the regulation
of the SIt2p kinase from the CWI pathway (16), it was
hypothesized that Rntlp may play a role in regulating the
CWI pathway. Accordingly, the phenotypic impact of
deleting RNT1 was compared to that observed upon the
deletion of established cell wall stress response genes like
the MAPKs HOGI and SLT2. Hoglp and SIt2p are part of

two separate, but interrelated, protein networks that
respond differently to high and low osmotic stresses by
remodelling the cell wall and influencing its assembly (48).
As expected, the inclusion of Congo red, a classical agent
that interferes with cell wall assembly (49), dramatically
reduced the growth of the s/f2A strain when compared
with that of wild-type (RNTI) or hoglA strains
(Figure 4A). Interestingly, the rnt/ A strain was also more
sensitive to Congo red than both RNTI and hogl A strain,
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or cells lacking RNTI (rntlA), the hyperosmotic stress response gene
HOG|1 (hoglA), or the hypo-osmotic stress response gene SLT2 (s/t2A)
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or at high temperature (37°C) with or without sorbitol. Growth rates were
calculated for each strain relative to wild-type cells grown in YEPD at
26°C. No growth could be detected for rnz/A cells grown at 37°C and
hoglA cells grown in NaCl-containing media. (B) RNT1 genetically inter-
acts with cell wall stress response factors. rnt/ A cells carrying deletion in
eight genes implicated in hyper- and hypo-osmotic stress response or an
unrelated gene (BARI) were generated and assayed for growth in liquid
media containing or not 1 M sorbitol at 26 or 37°C. The relative growth
rates were calculated and synthetic interactions were scored when the
effect was greater than the cumulative effect expected from the product
of separate single mutant effects. (C) CWI stress activation causes
changes in Rntl mRNA accumulation. Rntl mRNA level was measured
by quantitative RT-PCR from total RNA extracted from RNT/ cells after
treatment at 37°C for 20 min, 30 pg/ml Congo Red for 20 min, 0.5M
sodium chloride for Smin or 1 M sorbitol for Smin and compared to
cells suspended in YEPD at 26°C for the corresponding time. The data
is an average of three experiments represented as ratios of expression
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mRNA expression had P-values of 0.001 [in the case of temperature
(37°C) shift], 0.05 [in the case of Congo red (CR) induced stress], 0.01
(in the case of NaCl addition) and 0.05 (in the case of sorbitol addition).

suggesting that Rnt1p influences cell wall assembly, as does
Sit2p. Indeed, the rntl A strain displayed growth tendencies
similar to that of the s/t2A strain and not like that of the
hogl A strain, in all growth conditions tested. For example,
the inclusion of either NaCl or sorbitol in the media
dramatically inhibited the growth of the /oglA strain,
while not negatively affecting the growth of both the
slt2A and rntl A strains (Figure 4A). Strikingly, growth in
the presence of sorbitol rescued the temperature sensitivity
phenotype previously reported for the rntlA strain (20).
This means that Rntlp is required for the cell wall
response to high temperature and explains why RNT/
deletion inhibits growth at 37°C. The conclusion drawn is
that Rntlp is required for the optimal response to cell wall
stress.

In order to place Rntlp within the protein network
regulating the response to cell wall stress, its genetic inter-
action with the different genes associated with both the
CWI and HOG pathways was examined. Different
strains carrying either cell wall stress gene deletions or
an unrelated gene deletion (BARI) were crossed to the
rntl A strain and the impact on growth monitored under
either different temperatures or different osmotic concen-
trations. As expected, crossing rntl A to the control barl A
strain did not modify the growth phenotype, and all of the
strains were unable to grow at 37°C (the restrictive tem-
perature for rntlA cells; Figure 4B). In contrast, either
strong synthetic sickness or lethality was observed for
the rntl1A hogl A and rntlA hsll A strains in all conditions
tested. This indicates that Rntlp functions in parallel to
Hoglp in the cell wall stress response, and suggests that
Hsllp is not the only link between Rntlp and the cell wall
stress response network. The slt2A rntlA strain did not
show enhanced growth defects at 26°C, despite the fact
that rntlA and slt2A single mutant phenotypes could be
rescued by sorbitol (Figure 4B and Supplementary
Figure S4). Consistently, RNTI did not genetically
interact with any of the genes strictly placed in the SIt2p
osmotic response-dependent pathways (i.e. like the genes
encoding the redundant kinases Mkk1p and Mkk2p). This
suggests that Rntlp is not strictly redundant for the SL72-
dependent low osmotic stress response, at least under
certain conditions. On the other hand, deleting either
SLT2 or its transcriptional activation partner SWIi4
prevented the sorbitol-dependent rescue of rnt/A cells at
37°C, suggesting that these two genes may have parallel or
redundant functions with RNT for growth at high tem-
perature. Indeed, Swidp activity was shown to be
stimulated in a Slt2p-dependent manner in response to
heat (40). In contrast, RNT! interacted genetically with
BCKI, a gene encoding the kinase located upstream of
SIt2p and implicated in the co-activation of both the
HOG and CWI pathways (50), only at 26°C and not at
37°C. Since RNTI synthetically interacts with BCK/ and
not with other genes in the CWI pathway at 26°C, we
suggest that Rntlp and Bcklp are redundant due to the
implication of Bcklp in the HOG pathway. Together, the
genetic interactions suggest that the Rntlp contribution to
CWI is not restricted to its regulation of Hsll mRNA, but
extends to a larger network of genetic interactions
connecting the Slt2p and Hoglp branches of the
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pathway (Supplementary Table S4). Indeed, the Slt2p
pathway related genes, RHOI, BEM2, FKSI, GSC2,
ROM?2 and RLM1 were over-expressed upon the
deletion of Rntlp in vivo and their mRNAs were cleaved
by the recombinant enzyme in vitro (Supplementary
Table S4). Consistently, ectopic over-expression of CWI
genes including HSLI or SWI4 reduced cell growth and
rendered cells sensitive to cell wall stress (Supplementary
Figure S5). These data suggest that Rntlp plays an
important role in regulating the CWI pathway.

DISCUSSION

The regulation of gene expression can occur at any step
along the chain of events leading to protein synthesis.
However, most of the well-studied regulatory networks
involve transcriptional control coupled with rapid mRNA
decay in the cytoplasm. Some of the clearest examples of
these regulatory pathways may be found in the cell cycle. In
this case, mRNAs coding for phase-specific cyclins (e.g.
Clnlp and Cln2p) exhibit very short half lives (6), which
makes their cell cycle-dependent transcription an effective
measure of gene expression regulation. In this model, the
expression cycle is a direct outcome of reciprocal transcrip-
tional cycles, while cytoplasmic mRNA degradation
prevents mRNA from entering unwanted rounds of trans-
lation. In contrast, the experiments described here highlight
a new mechanism of gene regulation in which the nuclear
mRNA degradation of the nascent RNA can trigger
conditional RNA decay and hence the inhibition of gene
expression. Traditionally, nuclear RNA degradation was
normally seen as a quality control mechanism preventing
the expression of either mis-folded or mutated mRNAs (51)
or of mRNAs that are retained in the nucleus (52). The
results presented here show that a nuclear ribonuclease
can also affect gene expression by degrading normal
mRNAs. More specifically, Rntlp was shown to cleave
stem-loop structures within open reading frames resulting
in the cell cycle specific decrease in expression, as observed
for HSLI. It is not clear at the moment how the cell cycle
triggers Hsll mRNA degradation. One possibility is that
this degradation is regulated by a cell cycle-dependent
rhythmic intra-nuclear shuttling of Rnt1p. It has previously
been shown that Rntlp shuttles between the nucleolus and
the nucleoplasm in a cell cycle-dependent manner (20).
Indeed, Rntlp exits the nucleolus to the nucleoplasm at
the G2/M phase of the cell cycle, exactly when Hsll
mRNA is expected to be degraded. It is equally possible
that Hsllp may auto-regulate its own expression by
regulating either Rntlp’s activity or its localization.
Rntlp has been identified as a phosphorylation target of
Hsllp in a proteomic assay, but the impact of this phos-
phorylation on Rntlp activity has yet to be determined
(53). However, other mechanisms of Rntlp activity regula-
tion could exist since some targets of Rntlp (e.g. Rom2 and
Mkk?2) do not seem to be cell cycle regulated (54) and not all
of the targets of Rntlp are kinases. In fact, a cell wall stress,
such as Congo red or heat shock, appears to repress Rntlp
expression, thus providing a way of controlling the global
activity of Rntlp in a stress-dependent manner (Figure 4C).
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Regardless of the specific mechanism triggering conditional
mRNA degradation it is now clear that nuclear RNA
degradation is not only a means of surveilling RNA
quality but also an integral part of the gene regulatory
network.

Like bacterial RNase III, Rntlp was first discovered as
ribosomal RNA processing factor (55). Consequently, the
effects of deleting these enzymes on cell growth rates were
primarily attributed to defects in ribosome biogenesis (56).
By monitoring the growth pattern of rntlA cell under
different conditions, it was found that the slow growth
rate defect could be partially rescued by increasing the
osmotic strength of the growth medium using either
sorbitol or NaCl (Figure 4A). A resistance to high
sodium concentrations was previously observed, however
the mechanism underlying this phenotype was not
explained (21). Interestingly, increasing the osmotic
strength of the growth medium also rescued the inability
of rntIA cells to grow at 37°C, suggesting that RNT/ is
essential at high temperature because of its contribution to
CWI, and not to a role in rRNA processing. Indeed, the
osmotic strength-dependent rescue of the rnt/A growth
defect was blocked by the additional deletions of factors
in the CWI pathway such as SLT2 and SWI4. Sensitivity
to chitin binding agents like Congo red (Figure 4A) also
supports the hypothesis that Rntlp plays a major role in
the cell wall stress response. This notion is further sup-
ported by the relatively large number of Rntlp-dependent
CWI-associated genes (Supplementary Table S4). These
CWI genes also link Rntlp to the regulation of stress-de-
pendent cell cycle progression. Rntlp regulates the expres-
sion of the protein kinase Hsllp, which arrests cells in G2
to promote cell survival under high osmotic conditions
(13). However, any possible Rntlp roles in preventing
stress-dependent cell cycle effects cannot fully explain
the impact of the enzyme on the cell cycle. The deletion
of HSLI only partially rescues the accumulation of rntlA
cells in the Gl phase of the cell cycle and the
over-expression of Hsllp leads to an accumulation of
unbudded cells. This indicates that Rntlp-dependent
delay in the G1 phase of the cell cycle may also be
caused by other factors like inefficient ribosome synthesis
or other activity mediated by the enzyme nucleolar/
nuclear shuttling as previously suggested (20). Therefore,
we propose that Rntlp may affect the cell cycle in differ-
ent ways and that its essential function required for cell
growth at high temperature is due to its role in regulating
the expression of CWI genes.

Overall, this study provides an example of how
post-transcriptional regulation may be integrated into a
well-structured regulatory network of gene expression.
In the example presented here, nuclear degradation
provides a mean complementary to transcriptional and
post-translational controls, thereby allowing a rapid and
accurate response to stress signals. Unlike transcriptional
controls, this alternative regulatory mechanism immedi-
ately cuts the supply of de novo message, and rapidly
inhibits gene expression regardless of the cytoplasmic sta-
bility (i.e. half life) of the target mRNA. These features are
not only valuable to the stress response pathway but are
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also relevant to other pathways responding to changing
growth conditions.

SUPPLEMENTARY DATA
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