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SUMMARY

The nuclear RNA exosome is essential for RNA processing and degradation. Here, we show that
the exosome nuclear-specific subunit Rrp6p promotes cell survival during heat stress through the
cell wall integrity (CWI) pathway, independently of its catalytic activity or association with the
core exosome. Rrp6p exhibits negative genetic interactions with the SIt2/Mpk1p or Paflp
elongation factors required for expression of CWI genes during stress. Overexpression of Rrp6p or
of its catalytically inactive or exosome-independent mutants can partially rescue the growth defect
of the mpk1A mutant and stimulates expression of the Mpk1 p target gene FKSZ2. The rrp64 and
mpkIA mutants show similarities in deficient expression of CWI genes during heat shock, and
overexpression of the CWI gene HSP150 can rescue the stress-induced lethality of the mpk1Arp6A
mutant. These results demonstrate that Rrp6p moonlights independently from the exosome to
ensure proper expression of CWI genes and to promote cell survival during stress.

In Brief

Wang et al. show that Rrp6 functions with the SIt2/Mpk1 and Paf1 elongation factors for the
proper expression of CWI genes during heat stress. The role of Rrp6p in promoting heat-stress-
induced gene expression does not require Rrp6 catalytic activity or interaction with the nuclear
RNA exosome.
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INTRODUCTION

The nuclear RNA exosome complex (which we refer to hereinafter as the nuclear exosome)
plays a diverse role in RNA metabolism, from RNA processing to the surveillance and
degradation of defective RNAs (Zinder and Lima, 2017). The nuclear exosome is essential
for the proper 3'-end trimming and maturation of RNAs including small nuclear RNAs
(snRNAs), small nucleolar RNAs (snoRNAs), and ribosomal RNAs (rRNAs) (Allmang et
al., 1999; Bernstein and Toth, 2012). Surveillance and degradation of improperly processed
RNAs by the exosome limits the export and translation of faulty RNAs that may otherwise
be detrimental (Moraes, 2010). Nuclear exosome function is also coupled to regulatory
pathways for the proper control of gene expression (Bresson et al., 2017; Volanakis et al.,
2013). Mutations within genes encoding exosome subunits are responsible for several human
diseases, underscoring the importance of functional RNA exosome activity for cellular
homeostasis and proper human development (Fasken et al., 2017; Gillespie et al., 2017;
Morton et al., 2018; Wan et al., 2012).

In S. cerevisiae, the core ring of the nuclear exosome consists of a family of 6 RNase PH
homologs and 3 RNA binding proteins (Bernstein and Toth, 2012; Sloan et al., 2012; Zinder
and Lima, 2017). This core contains no exonuclease activity and, instead, relies on two
associated proteins for its degradative functions: Dis3p/Rrp44p, which is a processive
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exoribonuclease with additional endonuclease activity, and Rrp6p, which has distributive
exonucleolytic activity (Bernstein and Toth, 2012; Sloan et al., 2012). S. cerevisiae cells
lacking Rrp6p are viable, and deletion of the RRP6 gene has been broadly used as a method
to partially inactivate the nuclear exosome. The deletion of RRP6 results in a slow growth
phenotype with an accumulation of many degradation intermediates and unprocessed or 3'-
extended RNAs (Burkardand Butler, 2000; Butler and Mitchell, 2010; Feigenbutz et al.,
2013a; Fox and Mosley, 2016). Although Rrp6p works within the core exosome to process
or degrade its RNA substrates (Wasmuth and Lima, 2017), several studies have suggested an
exosome-independent function of Rrp6p (Callahan and Butler, 2008; Fox et al., 2015;
Graham et al., 2009).

During stress, specific transcription factors are activated to rapidly alter gene expression and
promote cell survival. The mitogen-activated protein kinase (MAPK) cascade is an
evolutionary conserved pathway that regulates these transcription factors during
environmental stress (Gustin et al., 1998; Hahn and Thiele, 2002; Kim et al., 2010; Levin,
2005). Mpk1p/Slt2p is a kinase involved in the cell wall integrity (CWI) pathway, a MAPK
cascade that monitors and maintains the integrity of the cell wall in S. cerevisiae (Figure 1A,
Kim and Levin, 2011). Once activated by upstream kinases, Mpk1p performs multiple
functions to alter gene expression; it phosphorylates the transcription factors RIm1p and
Swidp/Swibp to stimulate their binding to DNA (Figure 1A), regulates transcription
initiation and elongation directly through a non-catalytic mechanism involving the Pafl
complex (Figure 1A), and retains the bulk of mMRNAs within the nucleus through an
unknown mechanism (Carmody et al., 2010; Jin et al., 2014; Kim et al., 2010). In addition,
Mpk1p directly influences RNA polymerase Il (RNAPII) activity by phosphorylating the
Tyrl residues of the YSPTSPS repeats of the C-terminal domain (CTD) of its large subunit
(Yurko et al., 2017). Altogether, these molecular responses result in a remodeling of the cell
wall composition and an overall increase in the thermotolerance of the cell (de Nobel et al.,
2000). Perturbation of the activity of CWI factors results in the downregulation of a subset
of cell wall proteins and, consequently, a decrease in the ability of cells to handle their
internal turgor pressure (de Nobel et al., 2000; Levin, 2005). This results in a osmoremedial
lethal phenotype at high temperatures (de Nobel et al., 2000; Levin, 2005).

In this study, we provide genetic evidence for a role for Rrp6p in promoting cell survival
during heat stress through the CWI pathway, and we show that Rrp6p contributes to proper
gene expression during stress in a manner similar to that of Mpk1p. The role that Rrp6p
plays in this pathway is independent of its RNase activity and of its association with the
nuclear exosome. These data identify an exosome-independent function for Rrp6p in
synergizing the roles of the Mpk1p and Paflp elongation factors in the proper induction of
the CWI gene expression program during stress.

Rrp6p Plays a Critical Role in the Heat Stress Response Pathway of S. cerevisiae

S. cerevisiae strains lacking Rrp6p are viable, but loss of Rrp6p results in a temperature-
sensitive (ts) phenotype (Figure 1B). Although this phenotype could be due to a
destabilization of the core exosome at higher temperatures in the absence of Rrp6p, it could
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also indicate that Rrp6p plays an exosome-independent role during cellular stress. To
investigate this potential role, we deleted Rrp6p in conjunction with the MAPK SlIt2p, also
known as Mpk1p. The absence of Mpk1p compromises the CWI pathway and sensitizes
yeast cells to specific cell wall stresses, including growth at higher temperatures (de Nobel et
al., 2000). Strikingly, the mpk1Arrp64 double mutant was not viable at 37°C, a phenotype
much more severe than the slow growth of the single mutants at the same temperature
(Figure 1B). As growth at 37°C induces cell wall stress, we hypothesized that this synthetic
lethality might be due to a weakened cell wall with an inability to tolerate differences in
osmotic potential. If so, addition of osmotic support should restore the growth of the double
mutant. As predicted, the lethality of the mpkIArrp6A strain at 37°C was rescued by the
addition of 1 M sorbitol or 0.6 M KCI (Figure 1C). This result indicates that lethality of the
mpk1Armp6A strain at 37°C is a direct result of compromised cell wall integrity, potentially
because of improper expression of cell wall proteins. Osmaotic support had no additional
effect on the growth of the r7p64 single mutant, suggesting that the potential role for Rrp6p
in the CWI pathway is not the growth-limiting factor for this single mutant at 37°C.

We next asked whether the lethality of the mpk1Arrp6A strain at higher temperatures was
specific to the absence of the nuclear exonuclease Rrp6p or whether the inactivation of
cytoplasmic RNA processing or degradation factors may exhibit similar phenotypes. To
answer this question, we deleted MpkZ1p along with the cytoplasmic exoribonuclease Xrnlp,
the nonsense-mediated decay factor Upflp, or the cytoplasmic RNA exosome factor Ski2p
(Parker, 2012). These mutants were chosen to disable a variety of RNA processing and
degradation processes. However, none of these double mutations phenocopied the synthetic
lethality of mpk1Arrp6A cells (Figure S1A). This result shows that the lethality of the
mpkl1Arrp6A mutant is specific to the absence of Rrp6p. Altogether, these data demonstrate
a specific negative genetic interaction between Rrp6p and Mpk1p, suggesting that the two
proteins may cooperate to maintain the integrity of the cell wall and promote cell survival
under heat stress.

The Role of Rrp6p in the Heat Stress Response Pathway Is Independent of Its Catalytic
Activity or Association with the Core Exosome

The previous observations raised the question of how Rrp6p and Mpk1p cooperate to
promote cell survival during growth at non-permissive temperatures. RNA processing or
degradation defects associated with the absence of Rrp6p may impede the rapid changes of
MRNA abundance and gene expression that are necessary for adaption to environmental
stresses. If the temperature sensitivity of the mpk1Arrp6A mutant were due to a general
deficiency in nuclear exosome function at high temperatures, a similar lethal phenotype
would be expected if the mpkIA mutation were combined with other mutations that inhibit
nuclear exosome functions. This can be achieved through the removal of the nuclear
exosome cofactors Rrp47p or Mpp6p orthrough a point mutation within the core exosome
protein Rrp40 (rrp40-W195R) that prevents its stable association with the exosome complex
and its nuclear cofactor Mpp6p (Butler and Mitchell, 2010; Fasken et al.,2017; Gillespie et
al., 2017). Strikingly, both mpk1Arrp47A and mpk1Arrp40-W195R mutant strains were
viable when grown at high temperatures and, in fact, grew better than the single mpk14
mutant alone (Figure 1D). A similar growth rescue was observed in the mpk14mpp6A
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mutant at 37°C as well (Figure S1B). These results suggest that the lethality of the
mpkl1Arrp6A strain is not due to a general inactivation of the nuclear exosome but rather
because of an exosome-independent function of Rrp6p. The rrp40-W195R mutation or the
loss of Mpp6p did not impact Rrp6p protein levels compared to wild type (WT) at 37°C
(Figure S2A), but a decrease of Rrp6p protein abundance was detected in the r7p474 mutant
at 37°C (Figure S2A), as previously reported (Feigenbutz et al., 2013b). Because Rrp6p
protein levels were not affected in a consistent manner, we postulate that the fitness gain
detected in these double mutants at elevated temperatures compared to the mpkZA4 mutant
could be due to a relative increase in the free pool of Rrp6p arising from the destabilizing
effect of the absence of Rrp47p, Mpp6p, orthe Rrp40p mutations on Rrp6p association with
the exosome. To further test this hypothesis, we deleted the chromatin remodeler Isw1p,
which cooperates with Rrp6p to promote mRNA retention during stress (Babour et al.,
2016). Indeed, Iswlp deletion also rescued the heat sensitivity of the mpkZA mutant (Figure
1D), consistent with the idea that dissociating Rrp6p from any of its associated factors
(Iswlp or the nuclear exosome) can positively impact the CWI response. Finally,
overexpression of Rrp6p independently from any other exosome component improved the
growth of the mpkIA mutant at 37°C (Figures 1E and 2D). This result demonstrates that
other core exosome subunits are not required to mediate the role that Rrp6p plays in
promoting cell survival during stress.

To further explore the hypothesis of an exosome-independent function of Rrp6p in the stress
response pathway, we expressed a mutant form of Rrp6p, rrp6-C2A4 (Figure 2A), that cannot
associate with the nuclear exosome (Callahan and Butler, 2008) and tested its ability to
promote the growth of the mpkIA mutant at 37°C. Strikingly, overexpression of rrp6-C2A
improved the growth of the mpkZA mutant under heat stress (Figure 2D). We next
determined whether the expression of rrp6-C2A may rescue the growth lethality of the
mpkl1Arrp6A mutant at high temperatures. Because strains were grown on minimal media
for plasmid selection, the lethality of the mpk1Arrp6A strain was detected at a lower
temperature (35°C). Remarkably, expression of the rrp6-C2A mutant rescued the growth of
the mpk1Arrp6A4 mutant at 35°C and promoted a growth rate similar to that of the mpk14
mutant harboring an empty vector (Figure 2B). This effect was not due to differences in
protein stability, as no detectable differences in protein abundance were observed between
the exogenously expressed WT Rrp6p and the C2A mutant before and after heat stress
(Figure S2B). These results provide further support to the conclusion that Rrp6p plays a role
in the CWI pathway independently from its involvement with the nuclear exosome.

A role for Rrp6p in promoting cellular survival independently from the nuclear exosome
may or may not require its exonuclease catalytic activity. We expressed a catalytically
inactive version of Rrp6p void of all exonuclease activity (rrp6-D238N; Callahan and Butler,
2008; Figure 2A) to determine whether Rrp6p catalytic activity is necessary to improve the
growth of the mpkIA mutant at 37°C. This rrp6-D238N mutant did not improve the slow
growth phenotype of the r7p6°mutant under heat stress when expressed exogenously (Figure
2C). Nonetheless, expression of the rrp6-D238N mutant improved the growth of the mpkIA
mutant at 37°C (Figure 2D). In fact, expression of either the rrp6-D238N or the rrip6-C2A
mutant rescued the growth of the mpkZA mutant more so than the expression of WT RRP6
(Figure 2D). While the rrp6-D238N mutant was expressed at levels slightly higher than that
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of WT Rrp6p in stress conditions (Figure S2B), the fact that the rrp6-C24 mutant was
expressed at levels comparable to that of WT before and after heat stress (Figure S2B)
shows that the ability of these two rrp6 mutants to rescue the growth of the mpkIA mutant
better than WT Rrp6p is not due to increased Rrp6p levels. These data suggest that these
mutants may be better catered to fulfilling Rrp6p’s stress response functions without the
restraint of its exosome or exonuclease functions. In addition, the catalytically inactive
Rrp6p mutant rescued the growth of the mpkIArrp6A strain at a high temperature, showing
that the function of Rrp6p in the stress response pathway is, indeed, independent of its
exonuclease activity (Figure 2C). To ascertain the absence of any exonuclease activity that
may contribute to the rescue of growth, northern blot analysis was performed with probes
corresponding to the ITS2 region of the rRNA, a bona fide substrate of the nuclear exosome
(Callahan and Butler, 2008). As expected, an increase in the 7S rRNA processing
intermediate was detected in the rrp64 and mpk1Arrp6A mutants carrying an empty vector,
as these mutants lack Rrp6p to efficiently process this intermediate (Figure S2E, lanes 5 and
7). Similarly, an accumulation of the 7S was detected when the catalytically inactive Rrp6p
mutant was expressed in the rrp64 and mpk1Arrp6A mutant strains, confirming that rrp6-
D238Nis, indeed, catalytically inactive (Figure S2E, lanes 6 and 8). Moreover, expressing
the rrp6-D238N mutant negatively impacted rRNA processing in strains lacking the
endogenous WT Rrp6p, as shown by a higher accumulation of the 7S rRNA intermediate in
these strains (Figure S2E, lanes 6 and 8) compared to the r7p64 and mpklArrp64 mutants
alone (Figure S2E, lanes 5 and 7). We speculate that the catalytically inactive rrp6-D238N
mutant may further inhibit 7S processing by binding to and stabilizing this rRNA
intermediate and preventing further trimming by the core exosome. Thus, despite
exacerbating rRNA processing defects, a catalytically inactive rrp6-D238N mutant can still
promote survival of the mpk1Arrp6A strain in stress conditions, further strengthening the
idea that Rrp6p functions independently from the RNA exosome during stress.

To further explore the protein domains of Rrp6p involved in its stress-related functions along
Mpk1p, we used a C-terminally TAP-tagged version (Figure 2A), which we originally
thought of using for proteomics studies. Strikingly, the Rrp6p-TAP strain was unviable at
37°C (Figure 2E). This phenotype is not due to thermal instability of the TAP-tagged version
of Rrp6p, as it is expressed similarly to WT at all temperatures (Figure S2C). Despite
normal expression, the TAP-tagged version of Rrp6p is clearly defective for exosome
function, as shown by an accumulation of 7S similar to that of the rrp64 strain at all
temperatures (Figure S2F). This result could be due to the role of the C terminus of Rrp6p in
promoting exosome activity (Wasmuth and Lima, 2017), which may be compromised by the
addition of a TAP tag at the C terminus. However, unlike the rrp64 strain, the growth
phenotype of the Rrp6-TAP strain at elevated temperatures could be rescued by adding
sorbitol (Figure 2E), showing that the lethality of the TAP-tagged strain at 37°C is not due to
inactivation of the exosome but rather to the inability of the TAP-tagged version of Rrp6p to
function in the CWI pathway. Altogether, these data demonstrate that delayed or defective
RNA processing is not responsible for the lethality of the mpkZ-Arrp6A mutant at high
temperatures and that the involvement of Rrp6p in the stress response is independent of its
exonuclease activity or association with the nuclear exosome.
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Rrp6p Function in the CWI Pathway Requires the Interaction between Mpklp and Paflp

We next sought to genetically explore the role that Rrp6p plays in the CWI pathway. To this
end, we generated mutants in which Rrp6p is deleted along with several CWI factors
depicted in Figure 1A. These included the pseudokinase Kdxlp; the downstream
transcription factor Swi4p; and the RNAPII-associated elongation factor Paflp, which
functions downstream of Mpkl1p (Levin, 2005). The kax1Arrp64, swidArrp64, and
pariArrp6A mutant strains were monitored for growth at 30°C or 37°C. There was no
detectable growth defect associated with the swidArrp6A or kax1Arrp6A mutants at 37°C
(Figure S3A). However, similarly to the mpk1Arrp64 mutant, the pafliArrp64 mutant was
not viable at high temperatures (Figure 3A), strengthening the connection between Rrp6p
and the branch of the CWI pathway regulated by Mpk1p and Paflp (Figure 1A).

Further experiments showed that the phenotype of the paf1Arrp6A mutant mirrors that of the
mpkl1Arrp64 mutant. The lethality of the paflArrp6A4 mutant at a high temperature could be
rescued through the addition of osmotic support (Figure 3A), or by expressing rrp6-C2A
(Figure S3B), but not the rrp6-D238N mutant. As Paflp is involved in many aspects of
transcription (Van Oss et al., 2017), its absence may attenuate multiple processes in addition
to CWI, which could explain the inability of the rrp6-D238N mutant to rescue the growth
lethality of the pafiArrp6A mutant at 35°C. Nonetheless, these results indicate that the role
of Rrp6p in the CWI pathway involves Mpkl1p and the downstream RNA-polymerase-
associated factor Paflp. As Paflp resides within the Paf1 complex (Paf1C), we tested
whether co-deletion of Rrp6p and other Paf1C-associated factors such as Leolp and Rtflp
would exhibit a similar growth defect under heat stress. The absence of both Rtflp and
Rrp6p did not have any major impact on growth at 30°C and at 37°C (Figure 3B). However,
co-deletion of Rrp6p and Leolp resulted in a severe slow growth phenotype compared to the
single mutants alone (Figure 3B). This result confirms the genetic interaction between Rrp6p
and the Paf1 complex and suggests a possible molecular basis for the lethality of
mpkl1Arrp6A at 37°C. The absence of Leolp may not impact the function of the Paflc to the
same extent as deleting Paflp, which may explain why the /eo1Arrp64 mutant was not lethal
at 37°C. This is consistent with the observation that only the single pafZA mutant displays a
slow growth phenotype when compared to /eo1A4 and rtf1A alone (Figure 3B) and with
previous studies showing that Paflp is critical for the stability of the Pafl complex (Van Oss
etal., 2017).

We next asked whether the role of Rrp6p in the CWI pathway requires the interaction of
Mpk1p with Paflp and/or its kinase activity. To this end, we used strains expressing either a
version of MpkZ1p void of its kinase activity (/mpkI-K54R) or a nonphosphorylatable mutant
form (mpk1-TAYF). The mpkl-TAYF mutant cannot be phosphorylated by upstream factors,
which prevents it from associating with Paflp (Kim and Levin, 2011). By contrast, the
catalytically inactive mpkI-K54R mutant can interact with Paflp but is incapable of
phosphorylating other downstream factors. Strikingly, the expression of the mpk1-TAYF
mutant did not rescue the growth of the mpk1Arrp6A strain at 35°C (only suppressor
colonies were observed), while the mpkI-K54R mutant rescued the growth of the
mpk1Arrp6A mutant under heat stress (Figure 3C). The differences in growth rates between
the different versions of Mpk1p were not due to differences in protein stability, as the two
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mutant versions were expressed to levels similar to or slightly lower than those of WT
Mpk1p (Figure S2D). Overall, these results show that Rrp6p is involved in promoting heat
stress response in a specific branch of the CWI pathway (Figure 1A) that requires the ability
of Mpklp to interact with the downstream factor Paflp to regulate gene expression, but it
does not require its kinase activity.

Rrp6p Promotes Proper CWI Gene Expression during Heat Stress Independently of the
Nuclear Exosome or of Its Catalytic Activity

Mpk1p and Kdx1p promote transcriptional elongation of stress-responsive CWI genes, such
as FKSZ, through a physical interaction with Paflp (Kim and Levin, 2011), and the absence
of Mpk1p and Kdx1p results in a slow growth phenotype at 37°C (Figure S3A). To
determine whether Rrp6p may play a role in CWI gene expression, we overexpressed Rrp6p
in WT and mpk1Akadx1A strains and analyzed FKS2 expression during heat shock.
Strikingly, Rrp6p overexpression increased FKSZ levels in both strains (Figure 4A). By
contrast, the overexpression of Rrp6p did not increase the transcript abundance of RPS12,
which is repressed before and after heat shock in the mpkZAkadx1A mutant (Figure 4B). This
suggests that the overexpression of Rrp6p does not stabilize RNA transcripts on a global
scale through altering exosome activity but specifically promotes expression of stress-
induced genes. The overexpression of rrp6-C2A in the mpkl1Akax1A mutant also
significantly increased FKSZtranscript levels post-heat shock (Figure 4C). Overexpression
of the rmp6-D238N mutant showed a non-statistically significant increase, possibly due to the
pleiotropic effects of this mutant that contributed to an increased variability between
replicates. Nonetheless, these RNA analyses corroborate our previous observation that the
overexpression of RRP6 can enhance the growth of the mpkZA mutant at 37°C (Figure 2D)
and identify a role for Rrp6p in the expression of CWI target genes. These results also
suggested that the lethality of the mpk1Arrp6A strain at 37°C is due to changes in gene
expression that result in a defective cell wall and led us to perform RNA-sequencing (RNA-
seq) analysis of the mpk1Arrp6A mutant and of control single-mutant and WT strains before
and after a 45-min heat shock at 42°C. Although this heat shock condition is different from
the temperatures used previously for growth at steady state, it was chosen to detect rapid
responses to heat stress at the RNA level without attenuation due to longer exposures.

RNA-seq analysis revealed the repression of a large number of genes in the mpk14, rrp64,
and mpk1Arrp6A mutant strains compared to WT in heat shock conditions (Figure 4D). By
contrast, the number of genes downregulated compared to the WT before heat shock was
much lower in all of these mutants (Figure 4D, left). Most notably, the large majority of
genes repressed in heat shock compared to the WT is shared between the mpkI1A and rrp6A
mutant strains (Figure 4D), which further support a shared biological function between these
two proteins during stress. Importantly, this overlap is much less pronounced for RNAs
repressed in these mutants prior to heat shock, further supporting a similar role for Rrp6p
and Mpk1p during heat shock. The full list of genes up- or downregulated in each of the
mutants is presented in Table S1. Gene Ontology (GO) analysis of repressed genes shared
between the mpkIA and rrp6A mutant strains in heat shock conditions showed an
enrichment for cell wall proteins, protein transporters, and ribosomal protein genes (RPGs)
(Table S1). However, we do not think that the decrease in RPG expression is due to a direct
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role for Rrp6p in their expression, as Rrp6p overexpression could not rescue the
downregulation of RPS12 detected in the mpkiAkax1A mutant (Figure 4B). Analysis of cell
wall gene expression revealed a large decrease in the expression of HSP150in the
mpk1Arrp6A mutant under heat shock. This decrease in HSP150 expression may play a
significant role in the phenotype of the double mutant, as HSP150encodes a cell wall
protein necessary for cell wall stability (Russo et al., 1992). Although we were unable to
detect an increase in HSP150 expression in our heat shock conditions, the decreased
expression in the mpk1Arrp64 mutant was confirmed by northern blot analysis (Figure 5A).
The decrease in HSP150 expression was not due to a general defect in the expression of heat
shock protein genes, as HSP12was still robustly induced in the mpk1Arrp6A mutant (Figure
5A). The overexpression of Rrp6p and its mutant forms had no significant effect on HSP150
expression in the mpk1AkadxA mutant during heat shock (Figure S4A), suggesting that
robust expression of HSP150 requires both Rrp6p and Mpk1p.

HSP150 Overexpression Promotes Survival of the mpk1Arrp6A Mutant in Heat Stress

Based on the previous observations, we hypothesized that a defect in HSP150 expression
may be a contributing factor in the inability of the mpkIArrp6A strain to survive under heat
stress. To test this hypothesis, we constructed an HSP150 overexpression system using the
multicopy vector YEp24 (Parent et al., 1985) and a 7EFI promoter. The use of this promoter
alleviates any potential decrease in HSP150 expression that might be dependent on its
endogenous promoter and its association with stress-specific transcription factors. Strikingly,
HSP150 overexpression promoted survival of the mpk1Arrp6A mutant under heat stress
(Figure 5B). Importantly, the overexpression of HSP150did not rescue the growth of
another severely heat-sensitive mutant strain lacking the RNase 111 endonuclease Rntlp (Roy
and Chanfreau, 2014) at the same temperature (Figure 5C). This result shows that the
HSP150 overexpression rescue effect is specific to mpk1Arrp6A cells and does not promote
growth rescue of all ts strains. We note that #SP150 overexpression does not fully rescue the
growth of the mpkI1Arrp64 mutant, as it is highly likely that other improperly expressed
genes may also contribute to the lethality of the mpkIArrp6A mutant strain at elevated
temperatures, despite H/SP150being a major contributor. Taken together, these results show
that Rrp6p along with Mpk1p and, possibly, Paflp are required to ensure proper expression
of HSP150and other CWI genes, which promote cell survival during stress.

How Mpk1p, Paflp, and Rrp6p cooperate to ensure proper gene expression during heat
stress remains unknown. We were unable to detect a stable interaction between Rrp6p and
Mpk1p based on co-immunoprecipitation experiments (Figure S5A). Since the role of Rrp6p
in stress is independent from its exonuclease activity, we hypothesized that the stress-
induced expression of RNAs stemming from the CWI pathway requires Rrp6p for proper
transcription. This led us to investigate whether Rrp6p may alter RNAPII phosphorylation
state. Mpk1p has been shown to phosphorylate the Tyr1 residues of the C-terminal domain
(CTD) of RNAPII during multiple stress responses and impact gene expression (Yurko et al.,
2017). However, no differences in Pol.Il CTD Tyrl phosphorylation were observed in our
mutant strains under heat stress (Figure S5B). Further studies are required to precisely
identify the role Rrp6p plays with Mpk1p and Paflp to promote cell survival during stress.
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DISCUSSION

In this study, we demonstrate an undiscovered yet critical role of Rrp6p in promoting
cellular survival during heat stress. This role is remarkably independent of both its catalytic
activity and its association with the nuclear exosome. This unique function of Rrp6p
includes, but may not be limited to, its ability to synergize the roles of the Mpk1p and Paflp
to promote proper expression of CWI genes to ensure CWI. Although further biochemical
work is necessary to characterize the precise mechanism behind this unique function of
Rrp6p, our results show that it may be linked to the necessity of expressing specific mMRNAs
during stress. Strikingly, restoring the expression of a single target gene, HSP150, was
sufficient to rescue the growth of the mpk1Arrp6A mutant at high temperatures. This result
and the osmoremedial phenotype of this mutant provide major evidence for the fact that
defective induction of CWI genes caused by simultaneous inactivation of Mpk1 and Rrp6p
is the direct cause of cellular lethality. However, it is likely that defective expression of a
diverse subset of genes in the absence of Rrp6p may partially contribute to the overall
decrease of cellular fitness in this background as well.

Interestingly, the RNA exosome has been linked previously to stress-related gene expression,
as work in Drosophila has shown that the exosome associates with heat shock genes
(Andrulis et al., 2002). However, the data presented here suggest that the role of Rrp6p
during stress in yeast is independent of the core exosome, as demonstrated by the results
obtained with mutants that impact other exosome subunits or by overexpressing Rrp6p and
its exosome-independent C2A mutants, all of which have a positive effect on cell survival
through the CWI pathway (Figures 1D, 1E, and 2B—2D). This suggests that the
mechanisms involving the exosome in stress-related gene expression may have diverged
during evolution. Rrp6p has also been shown to function along Iswlp in mRNP retention at
the site of transcription during heat shock (Babour et al., 2016). However, we found that the
genetic inactivation of Rrp6p and Iswlp have opposite effects when combined with Mpk1p
inactivation (Figure 1D), which shows that the role of Rrp6p in the CWI pathway is not
linked to its function in mRNP retention during stress.

The concept of an exosome-independent role of Rrp6p in the CWI pathway implies that
Rrp6p must exist in the cell as a free pool during stress, perhaps as a result of increased
synthesis, or by dissociating from the core exosome. We did not detect an increase of Rrp6p
expression during heat shock (Figures S2B, S2C, and S5A), which seems to eliminate the
former hypothesis. Thus, it is possible that a subpopulation of Rrp6p may dissociate from
the core exosome during stress so that Rrp6p may fulfill its function in the CWI pathway.
Alternatively, it is possible that Rrp6p newly synthesized after heat shock may not associate
with the core exosome but, instead, function independently and possibly associate with the
chromatin to promote proper transcriptional elongation along with Mpk1p and Paflp. Such
association with the chromatin to modulate transcriptional complexes would not be
unexpected, as Rrp6p has been shown to mediate transcriptional termination (Fox et al.,
2015).

Altogether, this study demonstrates a specialized function of Rrp6p in promoting gene
expression independently of the RNA exosome core and of its ribonucleolytic activity.
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Although this function operates in the context of the CWI pathway, it is possible that Rrp6p
may also function in other biological processes under various cellular growth conditions.
The full extent of Rrp6p influence on RNA metabolism remains to be explored and may
provide further evidence on the substantial functional complexity of this protein in cellular

physiology.

STAR * METHODS
RESOURCE AVAILABILITY

Lead Contact—Requests for information, resources, and materials will be fulfilled by the
lead contact, Guillaume Chanfreau (guillom@chem.ucla. edu), without restrictions.

Materials Availability—All unique reagents generated in this study (Yeast strains and
plasmids) are available from the Lead Contact without restriction. For further information
and requests, please contact Guillaume Chanfreau.

Data and Code Availability—RNA Sequencing datasets generated in this study are
deposited under the accession GEO: GSE140504.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains construction—Unless otherwise noted, all strains used in this study were either
obtained from the GE Dharmacon Yeast Knockout collection or derived from BY4742 and
listed in Supplemental Material (Table S2). Mutant strains were constructed using the
lithium acetate/ PEG/Single stranded carrier DNA transformation method (Gietz and
Schiestl, 2007) with PCR products containing flanking regions of the area of interest for
homologous recombination. The PCR products used in these transformations were produced
from template plasmids as described in Longtine et al. (1998). Transformants are grown on
plates supplemented with antibiotics and/or on drop out plates before being streaked for
single colonies. Successful transformants are confirmed through the extraction of its
genomic DNA to be used for PCR using primers specific to the region of interest.
Incorporation of plasmids into yeast was performed using the same lithium acetate/PEG/
Single stranded carrier DNA transformation method mentioned above.

Yeast culturing—Yeast cultures were grown in either YPD (1% wi/v yeast extract, 2% w/v
peptone, and 2% w/v dextrose) or in appropriate drop out minimal media (0.67% w/v yeast
nitrogen base, 2% w/v dextrose, and 0.2% w/v amino acid mixture). Unless otherwise
described, 50ml cultures were grown at the standard 30°C to exponential phase (ODggonm Of
~0.4-0.6) for spot dilution analysis or to be flash frozen in liquid nitrogen for downstream
usage. For heat shock experiments, cells were grown at 23°C steady state to an ODggonm Of
~0.4-0.6 before equal volumes of prewarmed media was added to acquire the desired final
temperature.

Cloning and bacterial transformations—All PCRs done for cloning uses the high-
fidelity polymerase Phusion Hi-Fi (New England Biolabs). Cloning of RRP6into YEp24
was done using standard procedures. Briefly, the RRP6template was PCR amplified with
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primers flanked by Sacl or Sphl restriction cut sites. The template was then cut by the
respective restriction enzymes before being column purified (Biopioneer). The YEp24
vector was cut by the same restriction enzymes before being treated with CIP phosphatase
(New England Biolabs) prior to column purification. Ligation of the insert and vector were
done using a T4 DNA ligase (Life Technologies) before being transformed into competent
DH5a E.coli cells. Transformed cells were plated on LB plates supplemented with
ampicillin and positive clones were confirmed through colony PCR.

Cloning of HSP150with a TEF1 promoter in YEp24 was done using a Quick-Fusion
cloning kit (Bimake). Here, the 7EFI promoter was PCR amplified using the pFA6a-FRB-
KANMX as a template (Longtine et al., 1998). The amplified 7£FZ promoter product was
designed to contain a BamHI cut site in its 5'end and overlapping regions with the HSP150
template in its 3'end. The HSP150template was amplified from yeast genomic DNA. This
HSP150template was designed to contain a homology region to the 7E£F1 promoter
template on its 5'end and a Sphl restriction cut site on its 3'end. These PCR products along
with a linearized YEp24 vector were used in the Quick-Fusion Cloning reaction according to
manufacturer protocol. All oligonucleotides used are found in Table S4

Plasmid site directed mutagenesis—The YEp24 plasmids containing the mutant
forms of RRP6 were created through site-directed mutagenesis using the QuikChange
Lightning Site-Directed Mutagnesis Kit (Agilent Technologies) according to manufacturer
protocol. The oligonucleotides used were designed by the online QuikChange Primer Design
tool and can be found in the Table S4

Yeast spot dilutions—Yeast cultures were grown to an exponential phase of ODggonm Of
~0.4-0.6 in appropriate media. Within a 96 well plate, each culture was then diluted to an
ODggonm of 0.05 in 100uL of media. Serial dilutions were performed 5 times, where each
time a 30uL of cell suspension was added to 100uL of media. 5uL of the final serial dilution
were spotted on either YPD or the appropriate drop out plate. The plates are left to dry
before incubation at the indicated temperature and for the indicated number of days of
growth. Each spot dilutions have been done for a minimum of two replicates.

METHOD DETAILS

Yeast genomic DNA isolation—Approximately 100uL in volume of yeast were
collected from a freshly streak patch and placed in a safe-lock Eppendorf tube. The cells
were resuspended in 200uL of lysis buffer (L0mM Tris-HCI pH 7.4, 1mM EDTA pH 8 and
3% SDS) and incubated at 65°C for 5 min. Afterward, 400uL of TE buffer was added to the
samples along with 600uL of phenol-chloroform (phenol: chloroform: isoamyl alcohol
25:24:1, pH 8, Millipore Sigma). The samples were vortexed for 1 min and centrifuged at
15,000 rpm for 5 min. The top aqueous layer was transferred to a new tube containing 1ml
of cold 100% isopropanol to encourage the precipitation of DNA. The samples were
centrifuged at 15,000 rpm for 10 min and the supernatant was removed. The gDNA pellet
was washed once with 200uL of 70% ethanol before being resuspended in 100uL of pure
water.
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RNA extraction—To the frozen cell pellets, 500 uL of phenol: chloroform: isoamyl
alcohol (25:24:1, pH 6.7, Omni Pur), 400 pL of acid-washed beads and 500 pL of RNA
buffer (50 mM Tris-HCI pH 7.5, 100 mM NaCl, 10mM EDTA, 2% SDS w/v) were added
and vortexed for 1 min. The samples were incubated at 65°C for 6 min before being
vortexed for another min. Afterward, the samples were spun down at 13,200 rpm for 5 min
before 450 pL of the aqueous layer was transferred to a new Eppendorf tube containing 450
uL of fresh phenol: chloroform: isoamyl alcohol. The mixture was vortexed for an additional
min before being spun down at 15,000 rpm for 2 min. About 400 pL of the top aqueous layer
was transferred to a new Eppendorf tube containing 1 ml of 100% ethanol and 40 pL of 3M
sodium acetate pH 5.2. The samples were then cooled to —80°C for 30 min to facilitate
precipitation of the RNA. The samples are then spun down for 10 min at 15,000 rpm to
pellet the precipitated RNA. The supernatant was then removed, and the RNA pellet washed
with 200 L of 70% ethanol. The clean RNA pellets were resuspended in 40-80 uL of
nuclease-free water before being quantitated using the NanoDrop (Thermoscientific).

Riboprobe synthesis and oligoprobe radiolabeling for northern blot analysis—
Radiolabeled riboprobes were transcribed /n7 vitro using T3 RNA polymerase (Promega)
according to the manufacturer protocol. However, a-32P-UTP (Perkin Elmer) was used in
lieu of a-32P-CTP. The template used in the /n vitro transcription were synthesized through
PCR using primers corresponding to the gene of interest (Table S4). After synthesis, the
riboprobes are directly transferred into hybridization bottles containing the pre-hybridized
membranes.

Radiolabeled oligoprobes were synthesized using a T4 polynucleotide kinase (New England
Biolabs) and y-32P-ATP (Perkin Elmer) according to manufacturer protocol. The
oligonucleotides used in this procedure can be found in the Table S4.

Northern blot analysis—b5 pg of total RNA were normalized to the same volume among
all samples. The RNA aliquots were carefully combined with 4 times its volume of glyoxal
buffer [60% DMSO (Sigma-Aldrich), 20% glyoxal v/v (Sigma-Aldrich), 5% glycerol, 40
pg/ml ethidium bromide, 1X BPTE pH 6.5 (10 mM PIPES (Sigma-Aldrich), 30 mM Bis-
Tris (Sigma-Aldrich), 10 mM EDTApH 8.0)] and incubated at 55°C for 1 h. The samples are
then cooled on ice for an additional 5 min before being loaded onto 1.8% agarose gels made
with 1X BPTE buffer. Electrophoresis was performed with 1X BPTE running buffer at 120V
for 3-5 h. After sufficient separation, the gel was washed with deionized water for 10 min,
75mM NaOH for 15 min, and in 10X SSPE buffer (100 mM sodium phosphate, 1.5 M NaCl,
and 100 mM EDTA, pH 7.4) for 10 min. The RNA was then transferred overnight from the
agarose gel to an Amersham Hybond-N* membrane (GE Healthcare Life Sciences) using
10X SSPE. All membranes are cross-linked with Stratalinker UV Crosslinker 2400
(Stratagene) and if necessary, stored in 2X SSPE buffer at 4°C. The membranes are pre-
hybridized in Churchs buffer (1 % BSA w/v, 1 mM EDTA, 0.5M sodium phosphate pH 7.2,
7% SDS v/w) at 65°C for 1 h before radiolabeled riboprobes are added directly into the
buffer. The membranes are hybridized overnight before being washed twice with 2X SSPE,
0.1% SDS for 10 min each, and then twice with 0.1 X SSPE, 0.1% SDS for 10 min each as
well. For visualization, the washed blots are exposed to K-screens (Kodak) from several h to
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up to 2 days depending on the strength of the signal. The screens are then scanned using the
Bio-Rad FX Imager. Images were quantified using imageJ, and analyzed and plotted using
GraphPad.

Western blot analysis—~Flash frozen cell pellets were lysed using a high salt lysis buffer
containing 200mM Tris-HCI pH 8.0, 320mM Ammonium Sulfate, 20mM EDTA pH 8.0,
10mM EGTA pH 8.0, 5mM MgCl,, ImM DTT, 20% glycerol, ImM PMSF and 1x protease
inhibitor cocktail (Roche). Approximately 400uL of acid washed beads (Sigma) were added
to the samples before being vortexed at 4°C for 3 min 5 times, with 1-min breaks in
between. The samples were briefly spun down and transferred to a new Eppendorf tube,
leaving the glass beads behind. Cellular debris was pelleted down through centrifuging the
samples at max speed for 10 min in a pre-chilled 4°C centrifuge. Protein concentration was
quantitated using a Bradford protein assay (Bio-Rad).

5ug of protein were prepared with 1x SDS loading dye and 3.1 % p-mercaptoethanol before
being boiled for 5 min prior to loading on a 10% SDS-Page gel. After sufficient separation,
the samples were transferred onto a PVDF membrane and blocked in 5% milk in PBS-T
overnight at 4°C. Total and Tyr1 phosphorylated Rpb1p were detected with the RNA pol Il
antibody and the RNA Pol Il CTD phosphor Tyrl antibody respectively (1:5000; Active
Motif). Tdh1lp were detected with anti-Tdh1p antibody (Thermofisher) and Rrp6p were
detected using anti-Rrp6p antibody (Wasmuth and Lima, 2017). All secondary antibodies
used were obtained from LI-COR (1:10000).

Co-immunoprecipitation—Samples were grown and harvested as previously stated. Cell
lysates were prepared as indicated above, but with the Co-IP lysis buffer (50mM Tris-HCI
pH 7.4, 50mM NaCl and 1% NP-40) supplemented with protease and phosphatase inhibitors
(Roche). Approximately 1.5mg of protein lysates were incubated with 25uL of magnetic
anti-HA beads (Pierce) for 1 h at 4°C. Samples were washed 6 times with lysis buffer and
eluted in 40uL of 1 mg/mL HA Peptide (Sigma-Aldrich). 10uL of eluate and 5ug of total
lysates were loaded onto each lane of a Nu-Page gel. Rrp6p was detected with anti-Rrp6
(1:5000, (Schuch et al., 2014)) and HA tagged proteins were detected with anti-HA (1:5000,
ABM). Secondary antibodies used were obtained from LI-COR (1:10000).

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-Sequencing and data analysis—RNA-sequencing of samples was performed
using biological triplicates. HISAT2 (version 2.1.0) (Kim et al., 2019) was used to align the
reads to the S. cerevisiae reference genome (assembly 64-1-1) downloaded from Ensembl
(https://useast.ensembl.org/index.html). HTseqg-count (Anders et al., 2015) (with the option -
s reverse) was used with the S. cerevisiae genome annotation (release 97) to calculate read
counts. EdgeR (version 3.26.5) (Robinson et al., 2010) was used to conduct differential gene
expression analysis between the wild-type and the mpk1A mutant, the wild-type and rrp6A
mutant, and the wild-type and mpk1Arrp6A mutants. Differentially expressed genes were
selected based on the log fold change absolute value greater than 1 and the FDR g-value
threshold 0.05. GO analysis was performed using GO Term Finder (version 0.86) (Boyle et
al., 2004).
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Highlights

Rrp6 exhibits negative genetic interactions with the elongation factors Mpk1
and Pafl

Rrp6 functions during stress independently from the RNA exosome
Mpk1 and Rrp6 mutants share many downregulated genes during heat stress

Overexpression of HSP150rescues lethality of the mpkIArrp6A mutant
during stress
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Figure 1. Genetic Interaction between Mpklp, Rrp6p, and Nuclear RNA Exosome or Rrp6-
Associated Proteins

(A) The cell wall integrity (CWI) pathway, according to the model proposed by Kanehisa
and Goto (2000).

(B) Genetic interactions between Mpklp and Rrp6p. WT strain is derived from BY4742
(Brachmann et al., 1998) and single knockout strains were obtained from (Winzeler et al.,
1999).

(C) The negative genetic interaction between the mpkiAand rrp6A mutants can be rescued
by osmotic support.

(D) Deletion or mutation of Rrp6-associated proteins (Rrp40p, Rrp47p, and Iswlp) rescues
the heat sensitivity of the mpkI4 mutant.

(E) Overexpression of Rrp6p partially rescues the heat sensitivity of the mpkZA mutant.
For panels (B)—(E), 5-fold serial dilutions of indicated strains were spotted onto the
respective plates. Plates were grown at 30°C, 35°C, or 37°C for the indicated number of
days.
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Figure 2. Contribution of Rrp6p Structural Domains to Cell Survival in Stress Conditions
(A) Schematic diagram of Rrp6p and its various mutants. Domain structure of Rrp6p is

shown according to Wasmuth and Lima (2017). The TAP tag consists of a calmodulin-
binding peptide followed by a TEV protease cleavage site and two protein A domains.

(B) Serial dilution growth analysis of strains expressing WT or C2A versions of Rrp6p.

(C) Serial dilution growth analysis of strains expressing the WT RRP6 or D238N mutant
version of Rrp6p.

(D) Overexpression of Rrp6p or of its mutants can suppress the ts defect of the mpkiA
mutant.

(E) Serial diluation growth analysis of WT, RRP6-TAP (Ghaemmaghami et al., 2003), and
rrp6A strains. For all panels,yeast cultures were spotted onto the indicated media plates and
grown for the indicated number of days at the indicated temperatures.
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Figure 3. Rrp6p Function in the Heat Stress Response Pathway Requires Paflp and Its
Interaction with an Activated Mpklp

(A) Genetic interactions between mpk1A, parlid, and rrp6A.

(B) Genetic interactions between rrp64 and Paflc complex mutants.

(C) Synthetic lethality of the mpkZArrp6A mutant at high temperature can be rescued by a
catalytically inactive Mpk1p. For all panels, 5-fold serial dilution of liquid cultures of the
indicated strains were grown at the indicated temperatures and growth media for the
indicated number of days.
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Figure 4. Rrp6p Is Required for Proper Expression of CWI Genes along with Mpk1p
(A) Representative northern blot analysis and quantification of FKSZlevels in WT and

mpk1AkadxI1A strains with or without Rrp6 overexpression. scR1 was used as a loading
control.

(B) Representative northern blot analysis and quantification of RPS12levels in WT and
mpk1Akadx1A strains with or without Rrp6 overexpression. 7DHI was used as a loading
control.

(C) Expression of the rrp6-C2A mutant can rescue the FKSZ2 expression defect of the
mpk1Akadx1A mutant. For panels (A—C), three to four biological replicates were performed
with the relative levels of the gene of interest, and standard deviation is indicated on the right
(*p < 0.033, paired t test).
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(D) Venn diagram of genes down regulated in the mpkl1A, rrp64, and mpkIArrp6A mutants
compared to WT before (25°C) and after a 45-min heat shock at 42°C.
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Figure 5. The Cell Wall Protein Hsp150p Is Not Expressed Properly in the mpk1Arrp6A Mutant
and Can Rescue the Heat Sensitivity of This Mutant

(A) Northern blot analysis of HSP150and HSP12expression in the indicated strains and
conditions.

(B) Overexpression of HSP150 can partially suppress the ts phenotype of the mpk1Arrp6A
mutant.5-fold serial dilution of the indicated strains were incubated on SD-URA plates at
30°C or 35°C for the indicated number of days.

(C) Overexpression of HSP150 does not suppress the ts phenotype of the ¢4 mutant.
Experimental details as in (B).

Cell Rep. Author manuscript; available in PMC 2020 October 26.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wang et al.

KEY RESOURCES TABLE

Page 25

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse anti-HA (clone HA.C5) ABM Cat #G036; RRID: AB_2616604

Rabbit anti-Rrp6

(Wasmuth and Lima, 2017)

N/A

IRDye® 680RD Goat anti-Rabbit LI-COR Cat #926-68071; RRID: AB_10956166
IRDye® 800CW Goat anti-Mouse LI-COR Cat #926-32210; RRID: AB_621842
IRDye® 680RD Goat anti-Rat LI-COR Cat #926-68076; RRID: AB_10956590

TDH1 Monoclonal Antibody

Thermofisher Scientific

Cat #MA5-15738; RRID: AB_10977387

RNA Pol 1l CTD phospho Tyr1 antibody (clone 3D12) Active Motif Cat #61384; RRID: AB_2793613
RNA pol II antibody (clone 4H8) Active Motif Cat #39497; RRID: AB_2732926
Chemicals, Peptides, and Recombinant Proteins

Phenol: chloroform: iso-amyl alcohol (25:24:1) Miiiipore Sigma Cat #6810

OuikChange Lightning Site-Directed Mutagenesis Kit Agilent Cat #210518

Fast-Fusion Cloning kit Tonkbio Cat # TB10012A

Pierce Anti-HA Magnetic Beads Thermofisher Scientific Cat #88836

Influenza Hemagglutinin (HA) Peptide Sigma-Aldrich Cat# 12149

T3 RNA polymerase Promega Cat #P2083

T4 polynucleotide kinase

New England BioLabs

Cat# M0201S

a-32p-UTp

Perkin Elmer

Cat #BLUS5072001 MC

y-32p-ATP

Perkin Elmer

Cat #BLU502A500UC

NUPAGE 4-12% Bis-Tris Protein Gels

Thermofisher Scientific

Cat # NP0321 BOX

Critical Commercial Assays

TruSeq Stranded RNA HT Kit Illumina Cat#15032620
Deposited Data

RNA-Seq of heat shocked samples This paper GEO: GSE140504
Experimental Models: Organisms/Strains

S. cerevisiae strains (See Table S2) This paper N/A
Oligonucleotides

Plasmid construction and mutagenesis (See Table S4) This paper N/A

Probe sequence for scR1: ATCCCGGCCGCCTCCATCAC This paper N/A

Probe sequence for ITS2: AGGCCAGCAATTTCAAGTTAACTCC  This paper N/A

HSP150 T3 Riboprobe (See Table S3) This paper N/A

3xHA Tagging of Mpk1 p (See Table S3) This paper N/A
Recombinant DNA

Plasmids transformed in S. cerevisiae (See Table S3) This paper N/A

Software and Algorithms

HISAT2

(Kirnet al. 2019)

RRID:SCR_015530

HTseg-count

(Anders et ai,, 2015)

RRID:SCR_011867
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REAGENT or RESOURCE SOURCE IDENTIFIER
edgeR (Robinson et al., 2010) RRID:SCR_012802

GO Term Finder

(Boyle et al., 2004)

RRID:SCR_008870
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