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. Post-transcriptional control of mRNA is a key event in the regulation of gene expression. From

. yeast to human cells, P-bodies are cytoplasmic RNA-protein aggregates that play an essential role

* in this process, particularly under stress conditions. In this work, we show that in the model yeast

. Saccharomyces cerevisiae cell wall stress induces the formation of these structures. This effect is

. dependent on multiple elements in the Cell Wall Integrity (CWI) MAPK signalling pathway, a signal

. transduction cascade responsible for the maintenance of cell integrity under adverse environmental

. conditions. Remarkably, P-body assembly requires the catalytic activity of the MAPK of the pathway,

. SIt2/Mpk1. In accordance with the control exerted by this signalling pathway, the timing of P-body

. formation is similar to that of the activation of the CWI pathway. Noticeably, mRNAs whose expression

. isregulated by this pathway localize in P-bodies after the cell is exposed to stress following a temporal
pattern coincident with CWI pathway activation. Moreover, when these mRNAs are overexpressed in
a mutant background unable to form visible P-bodies, the cells show hypersensitivity to agents that
interfere with cell wall integrity, supporting that they play a role in the mRNA lifecycle under stress
conditions.

In eukaryotic cells, post-transcriptional control of mRNA is an important mechanism for the regulation of gene

- expression. In this process, the specific localization and compartmentalization of mRNAs within the cytoplasm

- plays a key role!. The model yeast Saccharomyces cerevisiae has become an ideal system for studying these con-

. served cellular processes. In this context, a variety of cytoplasmic ribonucleoprotein (RNP) aggregates have been

. identified, the best characterized of which are processing bodies (P-bodies) and stress granules (SGs)**°. It has

. been proposed that P-bodies contain translationally repressed mRNAs in combination with proteins involved in

: mRNA degradation, including subunits of the deadenylase CCR4/POP2/NOT complex, the decapping enzyme
(Dcpl/Dcp2), the decapping activator Edc3 and the Lsm1-7 complex, the translation repressors and decapping
activators Scd6, Dhh1 and Patl, and the 5'-3' exonuclease Xrn1 (for further details see”). Regarding the functions
of P-bodies, these structures show an inverse relationship with translation, since trapping mRNA in polysomes
due to the inhibition of translation elongation leads to the dissociation of P-bodies, in contrast to the stimulation

© of the assembly observed when the translation initiation is blocked®. These observations suggest that these foci

. participate in mRNA decay. However, yeast cells defective in P-body formation are not defective in basal control
of translation repression and mRNA decay®. Moreover, recent data support a model in which P-bodies act as stor-

: age granules containing translationally repressed mRNAs and inactive decapping enzymes, while mRNA decay

. would take place throughout the cytoplasm!®.

: These cytoplasmic aggregates are highly dynamic, since in yeast cells grown in conditions of glucose starvation
and subsequent refeeding, at least some mRNAs can leave P-bodies to reenter translation, being postulated as sites
for transient mRNA storage!"'. In contrast, the SGs in yeast are considered aggregates of untranslating mRNAs
in conjunction with certain translation initiation factors and other RNA binding proteins such as Pabl, Publ or
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Pbp1*°. This explains why SGs are typically associated to stress conditions, which often involve a transient inhibi-
tion of translation initiation. Noticeably, in yeast, these granules are formed in a stress-dependent fashion®>!*14,
In sum, several observations support the so-called mRNA cycle where cytoplasmic mRNAs cycle between pol-
ysomes, P-bodies and SGs®”. This dynamic behaviour is favoured by the properties of liquid droplets exhibited by
these structures’®. P-body assembly is strongly induced in response to several stress conditions, such as glucose
deprivation, osmotic, oxidative and DNA replication stress, heat or exposure to UV light, ethanol or NaN,;31617,
This suggests that P-body aggregates would play a role under environmental stress conditions. Under hyperos-
motic stress conditions, formation of P-bodies was substantially reduced in the short-term in yeast mutant strains
lacking the mitogen-activated protein kinase (MAPK) of the High Osmolarity Glycerol MAPK pathway (HOG),
Hog13'8. Additionally, the Protein Kinase A (PKA) pathway, a key effector of glucose signalling in yeast, plays a
general role in the regulation of P-body formation. In fact, constitutive PKA signalling inhibits P-body forma-
tion under a variety of stress conditions, and PKA activity inhibition is sufficient to induce P-body formation in
non-stressed cells'”*. However, apart from these examples, the participation of signalling pathways associated to
stress responses in the process of P-body assembly is largely uncharacterized.

The conservation of P-bodies from yeast to mammals suggests that they play important roles in the metabo-
lism of eukaryotic mRNAs, especially under stress conditions. Remarkably, SGs and P-Bodies are closely associ-
ated with a variety of diseases, including neurodegenerative disorders®® and cancer?!. Thus, information obtained
from model organisms, such as yeast, is very useful when conducting mechanistic and functional analyses of the
behaviour of these RNPs granules in higher organisms.

The Cell Wall Integrity (CWI) pathway is one of the MAPK pathways in yeast, being the main route responsi-
ble for maintaining cell wall homeostasis*. This pathway is very well conserved in the fungal kingdom?’. When
cell wall integrity is compromised, several cell membrane proteins (Mid2, Wsc1-3, and Mtl1) act as sensors
of the damage and interact with the Guanine nucleotide Exchange Factor (GEF) Rom2, activating the small
GTPase Rhol, which in turn activates the yeast protein kinase C (Pkcl). Pkcl triggers the activity of a con-
served MAPK module by phosphorylating the MAPKKK Bck1, which stimulates the redundant pair of MAPKKs
Mkk1 and Mkk2, which finally phosphorylate and activate the MAPK SIt2/Mpkl. Ultimately, Slt2 induces
damage-specific transcriptional responses mainly through the RIm1 transcription factor?>* in collaboration with
the SWI/SNF and SAGA chromatin remodelling complexes®**. Additionally, Slt2 has been involved in other
Rlm1-independent functions as in the regulation of genes during G1/S transition of the mitotic cell cycle?, the
regulation of the silencing function that couples cell growth and lifespan® or the control of proteasoma abun-
dance upon various stresses?.

Genome-wide transcriptional analysis of yeast mutant strains deleted in different elements of CWI have
allowed the identification of differences in the regulatory mechanisms required for sensing the different stresses
(for a review see®). For example, Congo red-mediated damage is sensed through the Mid2 sensor, whereas in the
case of the enzymatic cocktail known as zymolyase damage is sensed through Hkr1, the sensor of the Shol branch
of the high-osmolarity glycerol (HOG) pathway, and the effect of caspofungin, an inhibitor of 3-1,3-glucan syn-
thase, is sensed through Wscl.

The CWI pathway is the key pathway for the regulation of the adaptive response that is elicited by the fungal
cell under conditions that damage the cell wall, mainly inducing a transcriptional program to counterbalance cell
wall stress situations®. However, little is known about the post-transcriptional regulatory events associated with
this response.

In this work, we have demonstrated that when the yeast cell wall integrity is compromised, the formation of
P-bodies is intensively promoted. Moreover, the assembly of these structures depends on signalling through the
CWI pathway and, ultimately, on the kinase activity of the MAPK of this route. In addition, prototypic mRNAs
whose expression is regulated by this route upon cell wall stress have been colocalized with P-bodies. In fact, the
temporal pattern of formation of these structures, as well as the appearance of mRNA granules, mimics the acti-
vation of the CWI pathway under cell wall damage conditions. Additionally, we have shown that overexpression
of some CWI-dependent mRNAs is toxic to P-body defective cells. Together, our results provide the first evidence
that the response to cell wall damage not only activates a specific transcriptional program, but also regulates
post-transcriptionally the cell wall-related mRNAs fate.

Results and Discussion

Cell wall stress induces P-body formation. In order to investigate whether cell wall stress induces
P-body foci formation, we primarily used GFP-tagged versions of two well-established reporters of P-body assem-
bly: Dcp2 and Patl. Wild-type cells were transformed individually with plasmids bearing these reporters and
grown for one hour in the presence or absence of two compounds that interfere with cell wall integrity through
different mechanisms of action. We used Congo red (CR), a dye that binds to chitin, and zymolyase (ZY), an
enzymatic cocktail containing predominant (3-1,3-glucanase activity, since the transcriptional responses elicited
by exposure to these compounds have been extensively characterized in yeast®'-*. The microscopic observation of
Dcp2-GFP and Pat1-GFP expressing cells showed that cell wall stress strongly induced the assembly of P-bodies,
both in terms of the number of cells in which P-bodies were observed and the number of foci per cell (Fig. 1a).
As expected, this effect was also observed in cells expressing Dcp2-GFP after their exposition to other stress
conditions (glucose starvation and presence of KCl or H,0,) previously associated to P-body formation (Fig. 1a
upper panel). To further confirm the association between cell wall stress and P-body formation, the same exper-
iments were performed using the pat1A mutant and the edc3A patlA double mutant, previously described as
defective in P-body formation>". As shown in Fig. 1b, Dcp2-GFP-containing granules after cell wall stress were
drastically reduced in the patIA strain and completely absent in the edc3A patl1 A mutant. It is important to note
that in the microscopy images showing CR treated cells (Figs 1-5), many cells show some fluorescence signal at
the mother-bud neck. This signal exhibits a localization pattern different to that corresponding to P-bodies and it
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Figure 1. Formation of P-bodies is induced by cell wall stress. (a) Wild-type (WT) cells transformed with
plasmids expressing a GFP-tagged version of Dcp2 or Patl growing in YPD were exposed to 30 ug/ml Congo
red (CR) or 0.8 U/ml zymolyase (ZY) for one hour (lower panel) or 1 M KCI, 3mM H,0, and absence of glucose
for 15 min (upper panel). P-body formation was then assessed using fluorescence microscopy. (b) P-body
formation was studied using the Dcp2-GFP reporter in W'T, patlA and edc3A patlA cells grown as indicated
above. (c) Stress granule formation was not influenced by cell wall stress. WT cells expressing either Publ-
mCherry or Pab1-GFP were treated with CR and ZY as described in a, and with 15% ethanol for 30 minutes
before being observed by fluorescence microscopy. The microscopy data are presented in the left panels and
the quantitation of the results in the right panels. Non-treated cells are also included in each experiment as a
control (—). The histograms show the number of P-bodies per 100 cells and the percentage of cells containing
P-bodies. The data reflect the average and SD values obtained from three independent experiments (n > 100
cells). Statistical significance was determined using a two-tailed, unpaired, Student’s ¢ test by comparing with
no treatment conditions (a) or with the corresponding CR or ZY data from the wild-type strain (b) (*P <0.05,
#£P<0.01, #**P <0.001). Scale bar, 5 pm.
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Figure 2. Time course of P-bodies formation in wild-type cells after cell wall stress. Wild-type (WT) cells
expressing Dcp2-GFP as a P-body marker were treated with 30 ug/ml CR or 0.8 U/ml ZY and, in addition to
the untreated control, were visualized by fluorescence microscopy at the times indicated. Scale bar, 5 pm. The
histograms show the number of P-bodies per 100 cells and the percentage of cells containing P-bodies. The
data reflect the average and SD values obtained from three independent experiments (n > 100 cells). Statistical
significance was determined using a two-tailed, unpaired, Student’s ¢ test by comparing with no treatment
conditions for each time (*P <0.05, **P <0.01, ***P <0.001; ns, not significant).

is a consequence of the CR fluorescence. Although CR emission is detected in the red channel, after prolonged
incubation of the cells with CR, such as the conditions used in this work, a strong accumulation of the dye occurs
at the surface regions with higher chitin content (CR binds to this cell wall polymer), like the septum between the
mother and daughter cells. This signal is weakly detected in the green channel used to visualize GFP.

Since the assembly of SGs (another type on RNP granule) has been associated with particular stress con-
ditions, we investigated whether SGs were formed under cell wall stress conditions. To achieve this, we mon-
itored the intracellular localization of two components of SGs fused to fluorescent proteins, Publ-mCherry
and Pab1-GFP. Contrary to the P-body experiment, we only detected a diffuse fluorescence signal distributed
throughout the cytoplasm, which never concentrated in discrete foci (Fig. 1¢). However, the same cells grown in
the presence of 15% ethanol for 30 minutes efficiently formed SGs, as previously reported!’(Fig. 1c).

In contrast to many other environmental stresses that activate rapid cellular responses, cell wall stress triggers
in yeast a more delayed adaptive response after exposure. Thus, we monitored P-body formation at different times
during a time-course experiment (15, 30, 45, 60, 120, 180, 240, 300 and 360 minutes) after CR or ZY treatment
in wild-type cells expressing Dcp2-GFP. As shown in Fig. 2, the P-body formation profile was very similar in
response to both cell wall damaging agents. After 15-30 minutes of treatment, Dcp2-GFP-containing foci started
to increase in comparison with non-treated cells, reaching a peak after one to three hours of exposure. After
this period, the percentage of cells showing detectable P-bodies, as well as the total number of foci, diminished
progressively to values comparable to those observed in unstressed cells (Fig. 2). Notably, the timing of P-body
formation was similar to the global profile of Slt2 phosphorylation, the MAPK of the CWI pathway, in response
to cell wall stress, previously described®"*. It is important to remark that our results support the existence of a
very fine temporal regulation of the formation of P-bodies through different signalling pathways, depending on
each type of stress and the specific cellular requirements under these conditions. In fact, the absence of glucose
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Figure 3. The CWI pathway controls P-body formation under cell wall stress. The wild-type strain (WT) and
the indicated mutant strains transformed with the plasmid expressing Dcp2-GFP growing exponentially were
treated with CR or ZY for one hour, as described in Fig. 1, and Dcp2-GFP containing granules were visualized
by fluorescence microscopy. Quantitation of P-bodies from three independent experiments is included in the
graph as described in Fig. 1. Statistical significance was determined using a two-tailed, unpaired, Student’s t
test by comparing with the corresponding CR or ZY data from the wild-type strain (*P <0.05, **P <0.01,
*#%P < 0.001; ns, not significant). Scale bar, 5 pm.

causes the assembly of these structures in 10 min'!, and similar values have been described for osmotic and UV?
or oxidative'” stress, in contrast to the slower response described here for cell wall damage.

Taking these results together, we conclude that cell wall stress induces bona fide P-body assembly following a
temporary profile that mimics that of the activation of the CWI pathway.

P-body assembly under cell wall stress is dependent on the activation of the CWI pathway. To
characterize the participation of the CWI pathway in P-body assembly, we monitored Dcp2-GFP localization in
the absence or presence of CR for one hour, in several mutant strains lacking key elements of this signalling path-
way, namely the sensors Wscl and Mid2, the MAPKKK Bckl, the MAPK SIt2 and the transcription factor RIm1.
As shown in Fig. 3, the increase in visible P-body formation was completely blocked in mutants lacking MID2
or the SLT2 and BCK1 elements of the CWI pathway MAPK module, where activation of SIt2 is blocked. These
results highlight the importance of the activation of the CWI pathway in the formation of P-bodies under cell wall
stress conditions. In fact, in strains lacking elements not required for CR-induced Slt2 activation (phosphoryla-
tion), such as the WSCI sensor, the formation of these structures was unaffected. Interestingly, as deduced from
the correct formation of P-bodies in an rlmIA strain, the transcription factor Rlm1 that controls the expression
of the majority of the genes induced in response to stress® is not involved in this process. To further analyse the
participation of the CWI pathway in P-body formation, we performed the same experiments using an alterna-
tive stimulus, growing the yeast cells in the presence of zymolyase. Under these stress conditions, SIt2 activation
requires the participation of the Shol branch of the HOG MAPK pathway, in particular the transmembrane pro-
tein Shol and the Hkr1 sensor, but not the Mid2 or Wscl sensors of the CWI*>%. In these experiments, we eval-
uated the effect on P-body formation of yeast mutants deleted in these elements during zymolyase exposure. As
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Figure 4. The activity of the MAPK Slt2 is essential for the increase in P-bodies under cell wall stress
conditions. (a) Wild-type (WT) strain was transformed with the Dcp2-GFP plasmid. The slt2K54R strain
corresponds to the slf2A mutant co-transformed with the Dcp2-GFP plasmid and a second plasmid expressing
the kinase-death slt2K54R variant. Both strains were grown in the presence of 30 ug/ml CR or 0.8 U/ml ZY

for one and four hours, and Dcp2-GFP foci were visualized by fluorescence microscopy. (b) P-bodies were
visualized of in the WT and slt2A strains expressing Dcp2-GFP after growing in a medium containing 1 M

KCl or 3mM H,0, for 15 min. The accompanying histograms reflect the quantitation of the microscopy data
as described in Fig. 1. Statistical significance was determined using a two-tailed, unpaired, Student’s ¢ test by
comparing with the corresponding CR or ZY data from the wild-type strain (a) or no treatment conditions (b)
(*P<0.05, **P<0.01, ***P<0.001). Scale bar, 5 pm.

shown in Fig. 3, the absence of Shol, Hkrl or Hogl, in addition to the absence of Bck1 or Slt2, prevented P-body
formation, whereas Mid2, Wscl or Rlm1 did not play a prominent role. Conversely, in strains lacking Hkr1, Shol
or Hogl, P-body assembly efficiency after CR treatment was similar to that observed in the wild-type strain.

As further proof of the essentiality of SIt2 activity in P-body generation, we took advantage of the K54R
mutant form of the MAPK SIt2, consisting of a mutation within the ATP-binding site, which blocks the catalytic
activity of the protein®. This allele, borne on a centromeric plasmid, was unable to restore Dcp2-GFP foci forma-
tion in the slt2A strain, either in the presence of CR or ZY for one hour (Fig. 4a). This effect was also observed
even after longer treatment times (up to four hours), supporting the notion that SIt2 activity is necessary not only
for the initial assembly of these structures, but also for their maintenance over time (Fig. 4a). To test whether Slt2
is specifically involved in P-body formation after cell wall stress, we monitored Dcp2-GFP localization during
hyperosmotic (1 M KCl) and oxidative stress (3 mM H,0,), two types of stress previously associated with these
structures'”. The number of cells bearing Dcp2-GFP granules, as well as the percentage of cells presenting them,
was not altered in the slf2A mutant when compared to the values obtained in the wild-type strain (Fig. 4b). These
results support the argument that Slt2 plays a cell wall damage-specific role in this process.

In sum, these results emphasize that both Slt2 activation due to the sensing of specific cell wall injuries, and the
corresponding kinase activity of the phosphorylated Slt2 are essential for P-body assembly after cell wall stress.
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Figure 5. The presence of elevated PKA signaling activity inhibits P-body induction in response to cell

wall stress. pat1A cells expressing the Dcp2-GFP protein and transformed with a plasmid that included the
constitutively active Ras2"** or the empty vector (vector) in combination with plasmids including the wild-
type Patl (Pat1-SS), the non-phosphorylatable variant Pat1-AA or the phosphomimetic Pat1-EE variant were
transferred to a medium containing 30 ug/ml CR or 0.8 U/ml ZY for one hour to induce P-body formation.
Then, Dcp2-GFP foci were examined by fluorescence microscopy. Representative images are shown for both
the control and treatment conditions. The quantitation of the microscopy data, from three independent
experiments (n > 100 cells), is shown in the graphs. Statistical significance was determined using a two-tailed,
unpaired, Student’s f test by comparing with the no treatment conditions, CR or ZY data from the patIA strain
expressing the Pat1-SS version (¥*P < 0.05, ¥**P < 0.01, ***P < 0.001; ns, not significant). Scale bar, 5 pm.

This regulatory mechanism is identical to that exerted by Slt2 on the adaptive transcriptional response triggered
under these conditions. Remarkably, the transcriptional response regulated by RIm1 is not critical for this phe-
nomenon, indicating that alternative substrate/s of Slt2 are involved. In this context, our laboratory is currently
focusing its efforts on identifying the target/s on which the MAPK SIt2 acts to control the formation of these
mRNA-protein aggregates, considering that post-translational modifications of P-body proteins, e.g. phosphoryl-
ation events, have been proposed to modulate P-body formation!®. Moreover, the fact that in human cells is also
present a MAPK ortholog of the yeast Slt2, ERK5, which is regulated by diverse mitogens and stresses, makes it
possible to hypothesise a participation of the ERK5 pathway in the formation of these assemblies in human cells.

P-body formation induced by cell wall damage is blocked by constitutive PKA signalling.  Although
little is known about the signalling pathways that mediate P-body assembly, previous studies'”!* have demonstrated that
the cAMP-dependent protein kinase (PKA), responsible for coordinating cell growth with nutrient availability, impacts
on this process, at least through the modulation of the phosphorylation status of Pat1, which is one of its targets. In
fact, P-body formation as a consequence of a variety of stress conditions is abrogated in the presence of constitutive
PKA signalling'’. Regarding cell wall stress, we found that the number of P-bodies per cell observed in a yeast strain
bearing the wild-type version of Pat1 (Pat1-SS) under CR or ZY treatment was significantly diminished in the presence
of elevated PKA activity expressing a dominant active allele of the small GTP-binding protein Ras2 (Ras2"/), which
positively regulates PKA activity (Fig. 5).

Moreover, we tested whether Patl phosphorylation mediated by Ras2-PKA activation was required for the
observed P-body inhibition. To achieve this, Pat1-AA or Patl-EE variants were expressed in the patIA strain
expressing Dcp2-GFP and bearing Ras2"** or the corresponding empty vector. The Pat1-AA protein has alanine
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residues replacing the two serines that are phosphorylated by PKA, Ser-456 and Ser-457"7, thus consisting of a
non-phosphorylatable version, while in the Pat1-EE protein, the presence of a glutamic acid can functionally
substitute a phosphorylated serine, and thus this variant mimics the PKA phosphorylated form of Pat1. We found
that the yeast strain expressing Pat1-AA formed P-bodies constitutively (Fig. 5), in agreement with the previous
observation that the inactivation of PKA signalling is sufficient for P-body formation in the absence of stress'.
Moreover, the co-expression of Ras2"® was not able to block P-body formation neither in the absence nor in
the presence of stress (Fig. 5). Contrary, the recruitment of Dcp2 to cytoplasmic foci in the presence of CR or ZY
was diminished in cells containing the Pat1-EE variant (Fig. 5), which agrees with the effect observed above in
wild-type cells (Pat1-SS) carrying the Ras2"*"’ allele. These results indicate that, as previously reported for other
stress conditions'’, in the case of cell wall stress, PKA inhibits P-body foci formation through Patl phospho-
rylation. From all the available data it is possible to postulate two possible mechanisms in relation to the global
control exerted by PKA on the formation of P-bodies induced by multiple unrelated stresses. One where the
stress itself results in an inhibition of the PKA activity, as in conditions of absence of glucose, therefore inducing
the assembly of P-bodies, and a second one, where a given stress type does not affect PKA activity, although the
ectopic activation of PKA interferes with P-body assembly upon that condition. Concerning the cell wall stress
caused by CR or ZY, the first option is unlikely because in large-scale transcriptional studies carried out with these
agents no transcriptional effects typically associated to the modulation of the PKA activity were detected®"2.

CWI-regulated mRNAs are localized to P-bodies under cell wall stress conditions. It is well
known that the CWI pathway mediates the transcriptional response necessary for maintaining cellular viability
under situations where cell wall integrity is jeopardized®. Since we had demonstrated the relation between the
activation of the CWI pathway and the formation of P-bodies, we next investigated whether the mRNAs of genes
regulated by this pathway localized to P-bodies under cell wall stress conditions. To achieve this, we visualized
in vivo the localization of MLP1/KDX1, CRGI and SRL3 mRNAs using the U1A-based tagged RNA system®”.
These mRNAs were selected because their expression levels are significantly increased under cell wall stress in a
CWI-dependent manner®"*2, To monitor the cellular distribution of these mRNAs, the wild-type strain express-
ing a genomically mCherry-tagged Dcp2 was transformed with two plasmids. One plasmid contained the pro-
moter and ORF of the transcript of interest followed by a module including multiple binding sites for the UIA
human protein, inserted after the translation termination codon. Simultaneously, the U1 A-GFP fusion protein
was expressed from a second plasmid. The three mRNAs under study were distributed diffusely throughout the
cytoplasm during growth in the absence of stress (Fig. 6a). However, after two hours of zymolyase treatment,
strains co-expressing the MLPI, CRG1 or SRL3 mRNA containing U1A-binding sites and the U1A-GFP fusion
protein showed a clear concentration of the GFP signal in cytoplasmic foci, which colocalized in more than a 90%
with Dcp2-mCherry containing assemblies (Fig. 6a,b). Moreover, there are Dcp2-containing foci in which mRNA
fluorescent signal is not detected. This could be due to the presence of mRNA amounts below the detection level
and/or the existence of different subpopulations of P-bodies bearing specific mRNAs or even lacking them. As
expected, control strains expressing the U1A-GFP without the target mRNA did not show any concentration of
the GFP signal in response to the presence of stress (Fig. 6a). Interestingly, when we visualized the mRNA of the
PGKI1 gene, encoding the glycolytic enzyme phosphoglycerate kinase, which is not regulated by the CWI pathway,
the number of mRNA granules was not increased in the presence of ZY and these granules were only modestly
detected in visible P-bodies (Fig. 6a,b). This supports the notion that specific mRNAs induced during cell wall
stress are accumulated in P-bodies. This finding is reinforced by the fact that when cells were treated with other
unrelated stresses, such as the oxidative stress caused by hydrogen peroxide or glucose deprivation, no induction
of MLP1, CRGI or SRL3 mRNA granules was observed (Fig. 6¢). However, as described?, the number of granules
containing PGKI mRNA was augmented specifically under conditions of glucose deprivation (Fig. 6¢), colocal-
ising with P-bodies.

To further investigate the kinetics of mRNA localization in P-bodies, we monitored the localization of MLP1
mRNA in a time-course experiment during five hours of zymolyase treatment. As shown in Fig. 7a, MLPI-tagged
RNA recruitment was slightly delayed in comparison to P-body assembly (Fig. 2), reaching a peak after three
hours of treatment. Interestingly, the formation of MLPI mRNA-containing granules was severely affected in
strains deficient in P-body assembly, such as patIA or edc3A pat1A (Fig. 7b).

These results suggest that P-body assembly should be advantageous for cellular fitness under cell wall stress
conditions. One possibility is that the localization of specific mRNAs in these structures could be required to
optimize the global mRNA lifecycle, perhaps in concert with translational regulation.

In this regard, previous research has found that deregulation of gene expression of specific genes whose tran-
scripts localized to P-bodies is deleterious for cell growth of P-body mutant strains*>*!. To investigate this in our
stress conditions, we evaluated the effect of the overexpression of versions of MLP1 and CRGI fused to GST on
the cellular growth of the wild-type strain and a P-body deficient mutant (edc3A patlA) in the absence or pres-
ence of cell wall stress. In experiments to determine minimum inhibitory concentrations using a microdilution
method, we observed that expression of both genes from the GAL promoter in the edc3A pat1A background was
highly toxic in the presence of zymolyase (Fig. 8a). Moreover, this effect was also observed, although to a lesser
degree, when caspofungin was used, which inhibits 3-1,3-glucan synthesis (Fig. 8b). Remarkably, expression of
GST did not have any effect on the levels of growth of either strain, showing a behaviour similar to that observed
when experiments were carried out in the YPD medium (absence of overexpression). An additional observation
from these experiments was that the edc3A patIA strain was able to withstand the presence of zymolyase or
caspofungin at the same level of the wild-type strain (see graphs corresponding to growth in glucose-containing
medium in Fig. 8). This phenomenon could be explained by a recent observation, using the nanoparticle
tracking technology®?, that in the absence of different proteins constituent of visible P-bodies by fluorescence
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Figure 6. Cell wall stress induces localization of CWI-responsive mRNAs to P-bodies. (a) Confocal microscopy
images of wild-type (WT) cells containing Dcp2-mCherry, coexpressing MLP1/CRG1/SRL3 or PGK1-U1A
mRNA and U1A-GFP protein to allow analysis of mRNA localization growing in the absence or presence of 0.8
U/ml ZY for two hours, are represented. Control cells expressing only ULA-GFP protein in the absence of target
mRNA are shown (upper panel). The colored overlay images show a 4.4 times enlargement of the image sections
included in the squares and depict examples where the mRNAs colocalize with P-bodies (white arrowheads). (b)
The graphs display the quantitation of the mRNA granules shown in (a) from three independent experiments
(n>100 cells). (c) Quantification of mRNA granules (GFP foci) in strains described in (a), treated with 3mM
H,0, or starved for glucose for 15 min, is shown in the graphs. Statistical significance was determined using

a two-tailed, unpaired, Student’s ¢ test by comparing with no treatment conditions (*P < 0.05, **P <0.01,

*#%P <0.001; ns, not significant).

microscopy, other types of protein-protein and/or protein-RNA interactions are stablished allowing the assembly
of non-visible P-body like particles that could functionally replace them.

Taken together, results from this work support the notion that the CWTI pathway is responsible for the fine
tuning of the formation of PBs in situations where the cell wall integrity is compromised, in coordination with
expression regulation of mRNAs dependent on this signalling pathway that are located in these structures.
Ongoing efforts in our laboratory aim to decipher what is the contribution of P-body formation to the cellular
physiology upon cell wall stress conditions. Finally, we expect that the information provided by this work can be
useful to characterise P-body formation under cell wall stress in other pathogenic fungi of clinical interest.
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Figure 7. The induction of mRNA granules under cell wall stress conditions is associated with P-body
formation. (a) Time course analysis of the appearance of MLP1-U1A mRNA granules in wild-type (WT)

cells coexpressing MLP1-U1A mRNA and U1A-GFP protein after ZY exposure (0.8 U/ml) at the indicated
times are shown in the graphs. The data reflect the average of mRNA granules counts from three independent
experiments analysed by fluorescence microscopy. (b) Following the strategy described above, the presence
of MLPI-U1A mRNA granules resulting from cell wall stress (two hours of ZY treatment) was quantified in
WT and yeast strains defective in P-body formation (patIA and edc3A patI1A). Statistical significance was
determined using a two-tailed, unpaired, Students ¢ test by comparing with no treatment conditions for each
time (a) or ZY data from the wild-type strain (*P <0.05, **P <0.01, ***P <0.001; ns, not significant).
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Figure 8. A high level of expression of CWI-related genes affects the viability of mutants unable to form
P-bodies. Sensitivity assays to zymolyase (a) or caspofungin (b) of the wild-type (WT) and edc3A pat1A strains
containing the GAL1/10pr-GST, GAL1/10pr-GST-MLP1I or GAL1/10pr-GST-CRG1 plasmids were performed
and measured in media containing galactose (YPSG, induction of gene expression from GAL promoter) or
glucose (YPD, repression of gene expression) as described in Methods. The graphs depict the average and SD
values obtained from three independent experiments.

Methods

Yeast strains and plasmids. Experiments were performed with the Saccharomyces cerevisiae BY4741 strain
(MATa; his3A1; leu2A0; met15A0; ura3A0) and mutant derivatives provided by Euroscarf (Frankfurt, Germany).
The yeast strains from this collection used in this work were: wscIA, mid2A, bekIA, slt2A, rim1A, hkrlA,
sholA, hogl A and pat1A. To generate the edc3A pat1 A double mutant strain, the EDC3 gene was replaced by the
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HIS3MX6 module in the pat1A strain using the SFH PCR-based method, as previously described®. The tagged
strain DCP2-mCherry::HIS3 was obtained using the one-step polymerase chain reaction (PCR)-mediated tech-
nique for gene modification*!. Moreover, mCherry was amplified using PCR from a variant of the pBS34 plasmid
(provided by Eric Muller, [Addgene plasmid #83796])*, in which the KanR selection marker has been replaced by
the HIS3MX6. The resulting fragment was integrated by homologous recombination into the DCP2 locus in the
wild-type BY4741 background. Correct integration was confirmed using a PCR-based strategy.

Plasmids expressing the protein fusions Dcp2-GFP (pRP1315), Patl-GFP (pRP1501), Publ-mCherry
(pRP1661), Pab1-GFP (pRP1362), Pgkl-U1A (pRP1354) and U1A-GFP (pRP1194) under the control of the
native promoters, all of which bearing URA3 as a selection marker except U1A-GFP (LEU2 marker), were kindly
provided by Dr. Roy Parker (Department of Chemistry and Biochemistry, University of Colorado, Boulder, CO,
USA)*. Plasmids including the Patl variants Pat1-SS (wild-type protein including Ser-456 and Ser-457 phos-
phorylated by PKA), Pat1-EE (Patl variant where both of the aforementioned serines are replaced by a glutamic
acid) and Pat1-AA (with both serines replaced by alanine), cloned in the pRS413 vector, were provided by Paul
K. Herman (Department of Molecular Genetics, The Ohio State University, Columbus, OH, USA)". Plasmid
pTS120 expressing a constitutively active Ras2 (RAS2"!° allele) was provided by Dr. Michael N. Hall (Division
of Biochemistry, Biozentrum, University of Basel, Switzerland)*. Plasmid pRS315-s/t2K54R (p2193)*7, was pro-
vided by David E. Levin (Department of Molecular and Cell Biology, Boston University School of Medicine,
Boston, MA, USA). To construct Mlp1-U1A, Crgl-UlA and Srl3-U1A plasmids, the PGKI Promoter-ORF and
3’UTR regions from the pRP1354 plasmid were replaced with those of MLPI, CRGI and SRL3 present in the
Xhol/BamHI and Spel/NotI fragments, respectively, obtained by PCR from genomic DNA using primers con-
taining the indicated restriction sites. The fragment sizes of the promoter-ORF regions were 2280 bp, 1854 bp
and 1287bp for MLPI, CRGI and SRL3, respectively. In the case of the 3’UTRs regions, the fragment sizes were
345bp, 375bp and 351 bp, respectively.

Plasmids expressing fusions of MLPI and CRGI to GST, in addition to the plasmid control expressing only
GST, under the control of the GAL1/10 promoter, were obtained from the collection of Yeast GST-tagged ORFs
(Dharmacon/Open Biosystems, Lafayette, CO, USA).

Growth conditions. Routinely, yeast cells were grown overnight at 24 °C in liquid SD medium (0.17%
yeast nitrogen base, 0.5% ammonium sulphate, 2% glucose, supplemented with the required amino acids) for
strains transformed with plasmids or YPD (1% yeast extract, 2% peptone and 2% glucose) to an optical density
of 0.8-1 at 600 nm. Next, the culture was refreshed in YPD to an optical density of 0.1 at 600 nm, grown for
2.5hours, and then divided into two parts. One part, the non-treated culture, continued growing under the same
conditions, while the other one was supplemented when required with sublethal concentration of Congo red
(30 ug/ml; Merck KGaA, Darmstadt, Germany), zymolyase from Arthrobacter luteus (0.8 U/ml; MP Biomedicals,
CA, USA), KCI (1 M; PanReac AppliChem, Castellar del Valles, Barcelona, Spain) or H,O, (3 mM; PanReac
AppliChem, Castellar del Valles, Barcelona, Spain). Finally, cells were collected at the indicated times for each
assay as described below. In the case of phenotypic analyses, yeast cells were grown overnight at 24 °C in liquid
YPS medium (1% yeast extract, 2% peptone and 0.5% sucrose) to an optical density of 0.8-1 at 600 nm. Next, the
culture was refreshed in YPS to an optical density of 0.1 at 600 nm, grown for 2.5 hours and then divided into two
parts. One part continued growing under the same conditions (non-expressing conditions), while the other was
supplemented with galactose (2% final concentration, YPSG medium) and both were incubated again for two
hours. The caspofungin used in sensitivity tests was kindly provided by Merck Sharp and Dohme [MSD] Research
Laboratories (Kenilworth, NJ, USA).

Microscopy. Exponentially growing yeast cells were quickly collected by centrifugation at 5.000 rpm for
30seconds. Then, the culture medium was decanted, and cell pellets were resuspended in the volume of medium
that remained and immediately observed under a confocal fluorescence microscope. Images were taken using a
motorized Olympus IX81 microscope (Olympus Corporation, Tokyo, Japan) equipped with a Yokogawa Spinning
Disk confocal system (Roper Technologies, Sarasota, FL, USA), and an EMCCD Evolve camera (Photometrics,
Tucson, AZ, USA) using MetaMorph software (Molecular Devices, San Jose, CA, USA). Images were ana-
lysed using the Fiji-Image] software®. All images were generated from maximume-intensity projections of 3-5
Z-sections spaced at 0.3-0.5 um. To count P-body foci, Fiji-Image]J “thresholding” and “analyze particle” functions
were used, as described by Buchan et al.*®. P-body foci counting was performed on a minimum of 100 cells from
at least three independent experiments.

Phenotypic analyses. To determine the sensitivity of yeast strains to zymolyase and caspofungin, a
microdilution method was carried out. These assays were done in 96-well microtiter plates, with serial dilutions
of zymolyase 20 T (from 125 to 1 U/ml) or caspofungin (from 200 to 18.75ng/ml) prepared in a final volume of
150 ul of YPD (for cells grown in YPS) or YPSG medium (for cells grown in the same medium). Each well was
inoculated with ~10* cells from an exponentially growing culture. Plates were incubated for 72 hours at 30°C, and
cell growth was determined by measuring absorbance at 595 nm on an ELISA microplate reader.

References
1. Pizzinga, M. & Ashe, M. P. Yeast mRNA localization: protein asymmetry, organelle localization and response to stress. Biochem. Soc.
Trans. 42, 1256-1260, https://doi.org/10.1042/BST20140086 (2014).
2. Sheth, U. & Parker, R. Decapping and decay of messenger RNA occur in cytoplasmic processing bodies. Science 300, 805-808,
https://doi.org/10.1126/science.1082320 (2003).
3. Anderson, P. & Kedersha, N. RNA granules: post-transcriptional and epigenetic modulators of gene expression. Nat. Rev. Mol. Cell
Biol. 10, 430-436, https://doi.org/10.1038/nrm2694 (2009).

SCIENTIFICREPORTS| (2019) 9:3186 | https://doi.org/10.1038/s41598-019-40112-9 11


https://doi.org/10.1038/s41598-019-40112-9
https://doi.org/10.1042/BST20140086
https://doi.org/10.1126/science.1082320
https://doi.org/10.1038/nrm2694

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

. Hoyle, N. P, Castelli, L. M., Campbell, S. G., Holmes, L. E. & Ashe, M. P. Stress-dependent relocalization of translationally primed

mRNPs to cytoplasmic granules that are kinetically and spatially distinct from P-bodies. J. Cell Biol. 179, 65-74, https://doi.
org/10.1083/jcb.200707010 (2007).

. Buchan, J. R,, Muhlrad, D. & Parker, R. P bodies promote stress granule assembly in Saccharomyces cerevisiae. J. Cell Biol. 183,

441-455, https://doi.org/10.1083/jcb.200807043 (2008).

. Balagopal, V. & Parker, R. Polysomes, P bodies and stress granules: states and fates of eukaryotic mRNAs. Curr. Opin. Cell Biol. 21,

403-408, https://doi.org/10.1016/j.ceb.2009.03.005 (2009).

. Jain, S. & Parker, R. The discovery and analysis of P Bodies. Adv. Exp. Med. Biol. 768, 23-43, https://doi.org/10.1007/978-1-4614-

5107-5_3 (2013).

. Teixeira, D., Sheth, U,, Valencia-Sanchez, M. A., Brengues, M. & Parker, R. Processing bodies require RNA for assembly and contain

nontranslating mRNAs. RNA (New York, N.Y.) 11, 371-382, https://doi.org/10.1261/rna.7258505 (2005).

. Decker, C. J., Teixeira, D. & Parker, R. Edc3p and a glutamine/asparagine-rich domain of Lsm4p function in processing body

assembly in Saccharomyces cerevisiae. J. Cell Biol. 179, 437-449, https://doi.org/10.1083/jcb.200704147 (2007).

Luo, Y., Na, Z. & Slavoff, S. A. P-Bodies: Composition, Properties, and Functions. Biochemistry 57, 2424-2431, https://doi.
org/10.1021/acs.biochem.7b01162 (2018).

Brengues, M., Teixeira, D. & Parker, R. Movement of eukaryotic mRNAs between polysomes and cytoplasmic processing bodies.
Science 310, 486-489, https://doi.org/10.1126/science.1115791 (2005).

Arribere, J. A., Doudna, J. A. & Gilbert, W. V. Reconsidering movement of eukaryotic nRNAs between polysomes and P bodies.
Mol. Cell 44, 745-758, https://doi.org/10.1016/j.molcel.2011.09.019 (2011).

Grousl, T. et al. Robust heat shock induces elF2alpha-phosphorylation-independent assembly of stress granules containing eIF3 and
40S ribosomal subunits in budding yeast. Saccharomyces cerevisiae. J. Cell Sci. 122, 2078-2088, https://doi.org/10.1242/jcs.045104
(2009).

Kato, K., Yamamoto, Y. & Izawa, S. Severe ethanol stress induces assembly of stress granules in Saccharomyces cerevisiae. Yeast 28,
339-347, https://doi.org/10.1002/yea.1842 (2011).

Kroschwald, S. et al. Promiscuous interactions and protein disaggregases determine the material state of stress-inducible RNP
granules. eLife 4, €06807, https://doi.org/10.7554/eLife.06807 (2015).

Tkach, J. M. et al. Dissecting DNA damage response pathways by analysing protein localization and abundance changes during DNA
replication stress. Nat. Cell Biol. 14, 966-976, https://doi.org/10.1038/ncb2549 (2012).

Shah, K. H., Zhang, B., Ramachandran, V. & Herman, P. K. Processing body and stress granule assembly occur by independent and
differentially regulated pathways in Saccharomyces cerevisiae. Genetics 193, 109-123, https://doi.org/10.1534/genetics.112.146993
(2013).

Romero-Santacreu, L., Moreno, J., Perez-Ortin, J. E. & Alepuz, P. Specific and global regulation of mRNA stability during osmotic
stress in Saccharomyces cerevisiae. RNA (New York, N.Y.) 15, 1110-1120, https://doi.org/10.1261/rna.1435709 (2009).
Ramachandran, V., Shah, K. H. & Herman, P. K. The cAMP-dependent protein kinase signaling pathway is a key regulator of P body
foci formation. Mol. Cell 43, 973-981, https://doi.org/10.1016/j.molcel.2011.06.032 (2011).

Buchan, J. R. mRNP granules. Assembly, function, and connections with disease. RNA biology 11, 1019-1030, https://doi.org/10.4161/
15476286.2014.972208 (2014).

Anderson, P, Kedersha, N. & Ivanov, P. Stress granules, P-bodies and cancer. Biochim. Biophys. Acta 1849, 861-870, https://doi.
org/10.1016/j.bbagrm.2014.11.009 (2015).

Levin, D. E. Regulation of cell wall biogenesis in Saccharomyces cerevisiae: the cell wall integrity signaling pathway. Genetics. 189,
1145-1175, https://doi.org/10.1534/genetics.111.128264 (2011).

Dichtl, K., Samantaray, S. & Wagener, J. Cell wall integrity signalling in human pathogenic fungi. Cell. Microbiol. 18, 1228-1238,
https://doi.org/10.1111/cmi.12612 (2016).

Garcia, R, Sanz, A. B., Rodriguez-Peiia, ]. M., Nombela, C. & Arroyo, J. Rlm1 mediates positive autoregulatory transcriptional
feedback that is essential for Slt2-dependent gene expression. J. Cell Sci. 129, 1649-1660, https://doi.org/10.1242/jcs.180190 (2016).
Sanz, A. B. et al. Chromatin remodeling by the SWI/SNF complex is essential for transcription mediated by the yeast cell wall
integrity MAPK pathway. Mol.Biol.Cell. 23, 2805-2817, https://doi.org/10.1091/mbc.E12-04-0278 (2012).

Sanz, A. B, Garcia, R., Rodriguez-Pena, J. M., Nombela, C. & Arroyo, J. Cooperation between SAGA and SWI/SNF complexes is
required for efficient transcriptional responses regulated by the yeast MAPK Slt2. Nucleic Acids Res. 44, 7159-7172, https://doi.
0rg/10.1093/nar/gkw324 (2016).

Baetz, K., Moffat, J., Haynes, J., Chang, M. & Andrews, B. Transcriptional coregulation by the cell integrity mitogen-activated protein
kinase Slt2 and the cell cycle regulator Swi4. Mol.Cell Biol. 21, 6515-6528 (2001).

Ray, A. et al. Sir3p phosphorylation by the Slt2p pathway effects redistribution of silencing function and shortened lifespan. Nat.
Genet. 33, 522-526, https://doi.org/10.1038/ng1132 (2003).

Rousseau, A. & Bertolotti, A. An evolutionarily conserved pathway controls proteasome homeostasis. Nature 536, 184-189, https://
doi.org/10.1038/nature18943 (2016).

Sanz, A. B., Garcia, R., Rodriguez-Pefia, ]. M. & Arroyo, ]. The CWI Pathway: Regulation of the Transcriptional Adaptive Response
to Cell Wall Stress in Yeast. Journal of fungi 4, 1, https://doi.org/10.3390/j0f4010001 (2018).

Garcia, R. et al. The global transcriptional response to transient cell wall damage in Saccharomyces cerevisiae and its regulation by
the cell integrity signaling pathway. J. Biol. Chem. 279, 15183-15195, https://doi.org/10.1074/jbc.M312954200 (2004).

Garcia, R., Rodriguez-Peiia, J. M., Bermejo, C., Nombela, C. & Arroyo, J. The high osmotic response and cell wall integrity pathways
cooperate to regulate transcriptional responses to zymolyase-induced cell wall stress in Saccharomyces cerevisiae. ].Biol. Chem. 284,
10901-10911, https://doi.org/10.1074/jbc.M808693200 (2009).

Bermejo, C. et al. Characterization of sensor-specific stress response by transcriptional profiling of wscl and mid2 deletion strains
and chimeric sensors in Saccharomyces cerevisiae. OMICS. 14, 679-688, https://doi.org/10.1089/0mi.2010.0060 (2010).

Slifkin, M. & Cumbie, R. Congo red as a fluorochrome for the rapid detection of fungi. J. Clin. Microbiol. 26, 827-830 (1988).
Bermejo, C. et al. The sequential activation of the yeast HOG and SLT2 pathways is required for cell survival to cell wall stress. Mol.
Biol.Cell. 19, 1113-1124, https://doi.org/10.1091/mbc.e07-08-0742 (2008).

Rodriguez-Pefia, J. M., Diez-Muiiiz, S., Bermejo, C., Nombela, C. & Arroyo, J. Activation of the yeast cell wall integrity MAPK
pathway by zymolyase depends on protease and glucanase activities and requires the mucin-like protein Hkr1 but not Msb2. FEBS
Lett. 587, 3675-3680, https://doi.org/10.1016/j.febslet.2013.09.030 (2013).

Kim, K. Y., Truman, A. W. & Levin, D. E. Yeast Mpk1 mitogen-activated protein kinase activates transcription through Swi4/Swi6 by
a noncatalytic mechanism that requires upstream signal. Mol.Cell Biol. 28, 2579-2589, https://doi.org/10.1128/MCB.01795-07
(2008).

Truman, A. W. et al. Expressed in the yeast Saccharomyces cerevisiae, human ERKS5 is a client of the Hsp90 chaperone that
complements loss of the Slt2p (Mpklp) cell integrity stress-activated protein kinase. Eukaryot. Cell 5, 1914-1924, https://doi.
org/10.1128/EC.00263-06 (2006).

Brodsky, A. S. & Silver, P. A. Pre-mRNA processing factors are required for nuclear export. RNA (New York, N.Y.) 6, 1737-1749
(2000).

Lavut, A. & Raveh, D. Sequestration of highly expressed mRNAs in cytoplasmic granules, P-bodies, and stress granules enhances cell
viability. PLoS Genet. 8, €1002527, https://doi.org/10.1371/journal.pgen.1002527 (2012).

SCIENTIFICREPORTS| (2019) 9:3186 | https://doi.org/10.1038/s41598-019-40112-9 12


https://doi.org/10.1038/s41598-019-40112-9
https://doi.org/10.1083/jcb.200707010
https://doi.org/10.1083/jcb.200707010
https://doi.org/10.1083/jcb.200807043
https://doi.org/10.1016/j.ceb.2009.03.005
https://doi.org/10.1007/978-1-4614-5107-5_3
https://doi.org/10.1007/978-1-4614-5107-5_3
https://doi.org/10.1261/rna.7258505
https://doi.org/10.1083/jcb.200704147
https://doi.org/10.1021/acs.biochem.7b01162
https://doi.org/10.1021/acs.biochem.7b01162
https://doi.org/10.1126/science.1115791
https://doi.org/10.1016/j.molcel.2011.09.019
https://doi.org/10.1242/jcs.045104
https://doi.org/10.1002/yea.1842
https://doi.org/10.7554/eLife.06807
https://doi.org/10.1038/ncb2549
https://doi.org/10.1534/genetics.112.146993
https://doi.org/10.1261/rna.1435709
https://doi.org/10.1016/j.molcel.2011.06.032
https://doi.org/10.4161/15476286.2014.972208
https://doi.org/10.4161/15476286.2014.972208
https://doi.org/10.1016/j.bbagrm.2014.11.009
https://doi.org/10.1016/j.bbagrm.2014.11.009
https://doi.org/10.1534/genetics.111.128264
https://doi.org/10.1111/cmi.12612
https://doi.org/10.1242/jcs.180190
https://doi.org/10.1091/mbc.E12-04-0278
https://doi.org/10.1093/nar/gkw324
https://doi.org/10.1093/nar/gkw324
https://doi.org/10.1038/ng1132
https://doi.org/10.1038/nature18943
https://doi.org/10.1038/nature18943
https://doi.org/10.3390/jof4010001
https://doi.org/10.1074/jbc.M312954200
https://doi.org/10.1074/jbc.M808693200
https://doi.org/10.1089/omi.2010.0060
https://doi.org/10.1091/mbc.e07-08-0742
https://doi.org/10.1016/j.febslet.2013.09.030
https://doi.org/10.1128/MCB.01795-07
https://doi.org/10.1128/EC.00263-06
https://doi.org/10.1128/EC.00263-06
https://doi.org/10.1371/journal.pgen.1002527

www.nature.com/scientificreports/

41. Loll-Krippleber, R. & Brown, G. W. P-body proteins regulate transcriptional rewiring to promote DNA replication stress resistance.
Nature communications 8, 558, https://doi.org/10.1038/s41467-017-00632-2 (2017).

42. Rao, B. S. & Parker, R. Numerous interactions act redundantly to assemble a tunable size of P bodies in Saccharomyces cerevisiae.
Proc.Natl.Acad.Sci.USA. 114, E9569-E9578, https://doi.org/10.1073/pnas.1712396114 (2017).

43. Wach, A, Brachat, A., Alberti-Segui, C., Rebischung, C. & Philippsen, P. Heterologous HIS3 marker and GFP reporter modules for
PCR-targeting in Saccharomyces cerevisiae. Yeast 13, 1065-1075, 10.1002/(SICI)1097-0061(19970915)13:11<1065::AID-
YEA159>3.0.C0;2-K (1997).

44. Longtine, M. S. et al. Additional modules for versatile and economical PCR-based gene deletion and modification in Saccharomyces
cerevisiae. Yeast. 14, 953-961, 10.1002/(SICI)1097-0061(199807)14:10<953:: AID-YEA293>>3.0.CO;2-U (1998).

45. Hailey, D. W,, Davis, T. N. & Muller, E. G. Fluorescence resonance energy transfer using color variants of green fluorescent protein.
Methods Enzymol. 351, 34-49, https://doi.org/10.1016/S0076-6879(02)51840-1 (2002).

46. Buchan, J. R,, Nissan, T. & Parker, R. Analyzing P-Bodies and Stress Granules in Saccharomyces cerevisiae. Methods Enzymol. 470,
619-640, https://doi.org/10.1016/s0076-6879(10)70025-2 (2010).

47. Schmelzle, T., Beck, T., Martin, D. E. & Hall, M. N. Activation of the RAS/Cyclic AMP Pathway Suppresses a TOR Deficiency in
Yeast. Mol. Cell. Biol. 24, 338-351, https://doi.org/10.1128/mcb.24.1.338-351.2004 (2003).

48. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676-682, https://doi.org/10.1038/
nmeth.2019 (2012).

Acknowledgements

We want to thank Roy Parker, Michael N. Hall, Paul K. Herman and David E. Levin for the plasmids provided.
Merck Sharp and Dohme (MSD) Research Laboratories is acknowledged for kindly supplying the caspofungin
used in this work. All members of our research group (UCM-920640: Yeast Functional Genomics) at the
Department of Microbiology and Parasitology (UCM) are also acknowledged for their support. This work was
supported by the Ministerio de Economia y Competitividad, MINECO, Spain [grants BIO2013-48136-P and
BI02016-79289-P to J.A. and BIO2015-70195-C2-1-R to C.R.V.A.], Comunidad de Madrid (CM) and Fondos
Estructurales (FSE and FEDER), Spain [Grant B2017/BMD3691-InGEMICS-CM to J.A] and the Special Chair on
Fermented Beverages and Health (C.N.). V.P. was the recipient of a research contract (Ayudante de Investigacién)
from Comunidad de Madrid and S.0.-M. was supported by a pre-doctoral fellowship (FPI program) from the
Spanish Government.

Author Contributions

J-.M.R.-P. and J.A. conceived the study. JM.R.-P, J.A., C.N. and R.G. designed the experiments and analysed the
data. R.G., V.P, S.0.-M. and C.R.V.A. performed the experiments. . M.R.-P, J.A. and R.G. wrote the manuscript.
All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:3186 | https://doi.org/10.1038/s41598-019-40112-9 13


https://doi.org/10.1038/s41598-019-40112-9
https://doi.org/10.1038/s41467-017-00632-2
https://doi.org/10.1073/pnas.1712396114
https://doi.org/10.1016/S0076-6879(02)51840-1
https://doi.org/10.1016/s0076-6879(10)70025-2
https://doi.org/10.1128/mcb.24.1.338-351.2004
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://creativecommons.org/licenses/by/4.0/

	Signalling through the yeast MAPK Cell Wall Integrity pathway controls P-body assembly upon cell wall stress

	Results and Discussion

	Cell wall stress induces P-body formation. 
	P-body assembly under cell wall stress is dependent on the activation of the CWI pathway. 
	P-body formation induced by cell wall damage is blocked by constitutive PKA signalling. 
	CWI-regulated mRNAs are localized to P-bodies under cell wall stress conditions. 

	Methods

	Yeast strains and plasmids. 
	Growth conditions. 
	Microscopy. 
	Phenotypic analyses. 

	Acknowledgements

	Figure 1 Formation of P-bodies is induced by cell wall stress.
	Figure 2 Time course of P-bodies formation in wild-type cells after cell wall stress.
	Figure 3 The CWI pathway controls P-body formation under cell wall stress.
	Figure 4 The activity of the MAPK Slt2 is essential for the increase in P-bodies under cell wall stress conditions.
	Figure 5 The presence of elevated PKA signaling activity inhibits P-body induction in response to cell wall stress.
	Figure 6 Cell wall stress induces localization of CWI-responsive mRNAs to P-bodies.
	Figure 7 The induction of mRNA granules under cell wall stress conditions is associated with P-body formation.
	Figure 8 A high level of expression of CWI-related genes affects the viability of mutants unable to form P-bodies.




