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ABSTRACT Reduced ribosome biogenesis in response to environmental conditions is a key feature of cell adaptation to stress. For
example, ribosomal genes are transcriptionally repressed when cells are exposed to tunicamycin, a protein glycosylation inhibitor that
induces endoplasmic reticulum stress and blocks vesicular trafficking in the secretory pathway. Here, we describe a novel regulatory
model, in which tunicamycin-mediated stress induces the accumulation of long-chain sphingoid bases and subsequent activation of
Pkh1/2 signaling, which leads to decreased expression of ribosomal protein genes via the downstream effectors Pkc1 and Sch9. Target
of rapamycin complex 1 (TORC1), an upstream activator of Sch9, is also required. This pathway links ribosome biogenesis to alterations
in membrane lipid composition under tunicamycin-induced stress conditions. Our results suggest that sphingolipid/Pkh1/2-TORC1/Sch9
signaling is an important determinant for adaptation to tunicamycin-induced stress.
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TO survive, cells must respond and adapt to environmen-
tal conditions, typically by modulating gene expression

(Gasch and Werner-Washburne 2002; de Nadal et al. 2011).
For instance, ribosome synthesis, a process that con-
sumes enormous amounts of energy, is tightly regulated
in response to environmental cues (Warner 1999). Indeed,
stresses such as heat shock, osmotic shock, and lack of nutri-
ents reduce the expression of ribosomal proteins (Gasch et al.
2000; Causton et al. 2001) and rRNAs (Laferté et al. 2006;
Xiao and Grove 2009). In the yeast Saccharomyces cerevisiae,
this downregulation is attributed to the dissociation of the
transcriptional activator Ifh1 from Fhl1, a forkhead-like tran-
scription factor at the promoters of ribosomal protein genes
(Martin et al. 2004; Schawalder et al. 2004; Wade et al.
2004). In turn, this dissociation is mediated by the inhibition
of the AGC kinase (AGC kinase stands for cAMP-dependent

protein kinase A, cGMP-dependent kinase G, and protein ki-
nase C) Sch9, a major downstream effector of target of rapa-
mycin complex 1 (TORC1) (Albert et al. 2016). Since this
pathway can be triggered by different events (Hughes Hallett
et al. 2014), it is likely to be a universal mechanism for the
downregulation of ribosome synthesis under stress. In line
with this notion, Ifh1 was shown to interact with Utp22, an
rRNA-processing protein that coordinates the synthesis of
ribosomal proteins and rRNA (Albert et al. 2016).

Ribosomal genes are also sensitive to secretion defects,
such as those due to sec mutations, or to exposure to tunica-
mycin, an inhibitor of N-linked glycosylation (Mizuta and
Warner 1994; Mizuta et al. 1998; Nierras and Warner
1999; Miyoshi et al. 2003). In this case, the silencing domain
in Rap1 may be involved, as are the 60S ribosomal subunit
assembly (Mizuta et al. 1998; Li et al. 2000; Miyoshi et al.
2002; Zhao et al. 2003; Horigome et al. 2008) and relocation
of nuclear proteins to the cytoplasm (Nanduri and Tartakoff
2001). Cell wall integrity and stress response component
(Wsc) proteins, Pkc1, glycogen synthase kinase-3, the
Arp2/3 complex, and spindle pole body components such
as Mps3 have also been implicated (Nierras and Warner
1999; Li et al. 2000; Yabuki et al. 2014, 2017). In contrast,
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the Ire1-mediated unfolded protein response, which is typi-
cally coordinatedwith the heat-shock response (Liu andChang
2008; Hou et al. 2014), is not required (Nierras and Warner
1999), although it is otherwise essential for the survival of
secretory mutants (Chang et al. 2004). In any case, how cells
sense secretory defects, at what sites, and how signals are
transmitted to the nucleus remain largely unknown.

One possibility is that alterations in membrane composi-
tion, following impaired transport of membrane proteins and
lipids from the endoplasmic reticulum (ER) via the secretory
pathway, may trigger a signal to repress ribosome biogenesis
and relieve secretory stress. For example, sphingolipids are
essential not only formembrane structure, but also function as
secondary messengers and are trafficked among organelles
mainly through the secretory pathway (Funato et al. 2002;
Olson et al. 2016; Teixeira and Costa 2016). Sphingoid-base
backbones are synthesized in the ER, acylated into ceram-
ides, transported to the Golgi by vesicular and nonvesicular
mechanisms (Funato and Riezman 2001), converted into
more complex sphingolipids, and are finally delivered to
the plasma membrane or vacuoles by vesicle-mediated path-
ways (Funato et al. 2002; Schnabl et al. 2005; Olson et al.
2016).

Here, we report that accumulation of long-chain sphingoid
bases, caused by tunicamycin exposure, activates Pkh1/2,
Pkc1, andSch9, and thereby represses ribosomal protein gene
expression. Our study also shows that, like Sch9, TORC1 is
required to inhibit ribosomal protein gene expression upon
tunicamycin-induced stress. Thus,wepropose that long-chain
sphingoid bases act as a sensor that inhibits ribosome bio-
genesis in the stress response to tunicamycin.

Materials and Methods

Plasmids, yeast strains, cultivation, and drug sensitivity

Plasmids and yeast strains used in this study are listed in
Supplemental Material, Tables S1 and S2, respectively. Yeast
cellsweregrown inyeast extract polypeptonedextrose (YPD),
a synthetic completemedium containing 2%glucose, dropout
supplements depending on plasmid selection markers, or
synthetic dextrose medium. Growth curves and culture con-
ditions are shown in Figure S1 for cells to be used in northern
blotting. Tunicamycin sensitivity was assessed by serially di-
luting cells fivefold, spotting on YPD plates containing tuni-
camycin, and culturing at 30 or 25�.

Northern blotting

Total RNAwas extracted by the hot phenolmethod fromyeast
cells lysedwith glass beads and analyzed by northern blotting
from 1.5% agarose gels, as described previously (Mizuta and
Warner 1994).

Microscopy

Yeast cells were grown to midlog phase in YPD, fixed in
3.7% formaldehyde for 30 min, stained with 20 units/ml

rhodamine-conjugated phalloidin in 0.1% Triton X-100 as
described previously (Yamada et al. 2007), and imaged by
fluorescence microscopy.

Western blotting

To analyze Sch9 phosphorylation, protein extracts from cells
expressing SCH9-5HAwere treated with 2-nitro-5-thiocyano-
benzoic acid as previously described (Urban et al. 2007), re-
solved by SDS-PAGE, immunoblotted, and visualized using
mouse anti-HA monoclonal antibody (12CA5; Roche) and
sheep anti-mouse IgG (NA931; GE Healthcare) conjugated
to horseradish peroxidase. The protein extracts from wild-
type cells were analyzed by immunoblotting, and visualized
with rabbit antibody against phospho-T570 Sch9 (Urban
et al. 2007) and anti-rabbit IgG (Sigma [Sigma Chemical],
St. Louis, MO) conjugated to horseradish peroxidase. Bands
were quantified using ImageJ to determine the relative
amounts of phosphorylated Sch9.

Sphingolipid labeling

As described previously (Kajiwara et al. 2014), cells were
grown in synthetic dextrose medium at 25�, treated with
2.5 mg/ml tunicamycin, and then labeled with 10 mCi
[3H]dihydrosphingosine (American Radiolabeled Chemical).
The reaction was stopped by placing on ice, and adding
10 mM NaF and 10 mM NaN3. Lipids were subsequently
extracted, of which one-half were hydrolyzed in mild alkali
to deacylate glycophospholipids and identify base-resistant
sphingolipids as described previously (Ikeda et al. 2015). Ra-
diolabeled lipids were analyzed by thin-layer chromato-
graphy in 9:7:2 v/v chloroform:methanol:4.2 N-ammonium
hydroxide, and quantified using FLA-7000 (Fujifilm).

Data availability

Strains and plasmids are available upon request. The authors
affirm that all data necessary for confirming the conclusions
of the article are present within the article, figures, supple-
mental figures, and supplemental tables. Supplemental ma-
terial available at Figshare. Supplemental material available
at https://doi.org/10.25386/genetics.7782599.

Results and Discussion

Tunicamycin-induced stress response requires
long-chain sphingoid bases

We speculated that alterations in the composition of mem-
brane proteins and lipids following inhibition of the secretory
pathway might trigger a stress response. Changes in sphingo-
lipid content are likely among such triggers in yeast, since sec
mutations or exposure to tunicamycin inhibit the biosynthe-
sis of inositolphosphorylceramide (IPC), a complex sphingo-
lipid (Funato and Riezman 2001; Pittet et al. 2006). Thus, we
examined ribosomal protein gene expression in lcb1-100mu-
tant cells exposed to tunicamycin. This mutant is condition-
ally impaired in the first step of sphingolipid biosynthesis
(Figure 1A) and is thus deficient in all sphingolipids
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(Zanolari et al. 2000). As shown in Figure 1B, the lcb1-100
mutant cells exhibited a significant reduction in repression
of ribosomal protein gene expression in response to tunica-
mycin in comparison with the wild-type, suggesting that
sphingolipids are required for the stress response to
tunicamycin.

Deletion of LIP1, a regulatory subunit of ceramide syn-
thase that is required for its enzymatic activity (Figure 1A)
(Vallée and Riezman 2005), did not affect the stress re-
sponse to tunicamycin (Figure S2A). Similar results were
obtained with mutants deficient in CSG1, CSG2, and CSH1
(Figure S2B), which are required to synthesize mannosyl-IPC,

and with a mutant deficient in IPT1 (Figure S2C), which is
required to synthesize mannosyl-di-IPC. These results indi-
cate that long-chain sphingoid bases, but not ceramides or
complex sphingolipids, are required for the stress response
to tunicamycin. Exogenously added phytosphingosine re-
stored the stress response in lcb1-100 mutant cells (Figure
1C), confirming the link to long-chain sphingoid bases. Fi-
nally, we found that the heat-stress response is intact in
lcb1-100 mutant cells (Figure 1D), implying that tran-
scriptional repression of ribosomal protein genes by long-
chain sphingoid bases is specific to the stress response to
tunicamycin.

Figure 1 Downregulation of ribosomal protein genes in response to TM, but not to heat stress, requires PHS. (A) Sphingolipid biosynthesis in yeast. (B)
WT (FKY2736) and lcb1-100 (FKY2739) cells were cultured in YPD at 25�, shifted to 30� for 4 hr, exposed to 2.5 mg/ml TM for the indicated times, and
harvested for northern analysis. Data represent one of three reproducible and independent experiments. The mRNA levels were quantified from three
independent experiments, normalized to U3, and reported as mean 6 SD of radioactivity relative to radioactivity at time zero. * P , 0.05 and ** P ,
0.01 by Student’s t-test. (C) WT (FKY2736) and lcb1-100 (FKY2739) cells were cultured in YPD at 25�, treated for 1 hr with 5 mM PHS or an equal
volume of EtOH, shifted to 30� for 4 hr, exposed to 2.5 mg/ml TM for the indicated times, and harvested for northern analysis. The mRNA levels in (C and
D) were quantified as described in (B). (D) WT (FKY2736) and lcb1-100 (FKY2739) cells were cultured in YPD at 25�, shifted to 37� for the indicated
times, and harvested for northern analysis. EtOH, ethanol; n.s., not significant; PHS, phytosphingosine; TM, tunicamycin; WT, wild-type.
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Pkh1/2 and the downstream effectors Pkc1 and Sch9,
but not Ypk1/2, are required for the stress response
to tunicamycin

Long-chain sphingoid bases activate Pkh1 and Pkh2 (Figure
2A) (Friant et al. 2001; Liu et al. 2005; Fröhlich et al. 2009;
Roelants et al. 2010; Huang et al. 2012), which are redundant
yeast homologs of mammalian phosphoinositide-dependent
protein kinase 1 (Casamayor et al. 1999; Zanolari et al.
2000). Notably, repression of ribosomal protein gene expres-
sion in response to tunicamycin was significantly reduced in
pkh1ts pkh2D double-mutant cells compared with the wild
type, but was unaffected in pkh1D or pkh2D deletion-mutant
cells (Figure 2B), confirming that Pkh1 and Pkh2 have re-
dundant functions in the stress response to tunicamycin.

The AGC kinases Pkc1, Ypk1/2, and Sch9 are downstream
effectors of Pkh1/2 (Figure 2A). The ypk1ts ypk2D double
mutation had no statistically significant changes in repression
of ribosomal protein gene expression caused by tunicamycin
(Figure 2C), suggesting that Ypk1/2 are not necessary for the
stress response, even though the cells exhibit impaired actin
polarization at a semipermissive temperature (Figure 2D), as
reported previously (Roelants et al. 2002). Consistent with
this, treatment of Ypk1-AS cells (ypk1Dypk2D + pYpk1-
L424G) with the inhibitor 4-amino-1-tert-butyl-3-(2,3-
dimethylbenzyl)pyrazolo[3,4-d]pyrimidine (2,3-DMB-PP1)
(Niles et al. 2014) did not exhibit a significant effect on tuni-
camycin-induced repression of ribosomal protein RPL3 gene
expression when compared with inhibitor-insensitive
Ypk1-WT cells (ypk1Dypk2D + pYpk1-WT) (Figure 2E). In
contrast, pkc1-2 cells caused a significant decrease in repres-
sion of RPL7 gene expression in response to tunicamycin
(Figure 2F), as previously observed (Nierras and Warner
1999). Similarly, repression of ribosomal protein gene ex-
pression was defective in sch9D cells, as shown in Figure
2G. Expression of SCH9, but not a kinase-dead allele, re-
stored the stress response in sch9D cells, implying that enzy-
matically active Sch9 is required to transcriptionally repress
the expression of ribosomal protein genes in response to
tunicamycin.

TORC1, but not TORC2, regulates the stress response
to tunicamycin

Sch9 is directly phosphorylatednot only byPkh1/2but also by
TORC1 (Figure 3A) (Urban et al. 2007), although the former
phosphorylates a threonine residue in the kinase domain,
whereas the latter phosphorylates 5–6 serine/threonine res-
idues in the C-terminal region. Expression of SCH9(5A), a
constitutively inactive SCH9 with five point mutations at its
C-terminal phosphorylation sites (T723A, S726A, T737A,
S758A, and S765A) (Urban et al. 2007), did not suppress
the tunicamycin-induced repression of ribosomal protein
RPL7 gene expression in sch9D cells (Figure 3B), suggesting
that Sch9 phosphorylation by TORC1 is also required for the
stress response. The TORC1-deficient mutant tor1D tor2-29
(Helliwell et al. 1998) also exhibited a significant reduction
in tunicamycin-induced repression of ribosomal protein gene

expression (Figure 3C), further confirming a role for TORC1
in the stress response to tunicamycin. On the other hand,
repression of ribosomal protein gene expression under heat
stress was unaffected in the tor1D tor2-29 cells (Figure S3A).
Similarly, the response to heat shock appears to be normal in
sch9D cells expressing SCH9(kd), SCH9(5A), or pkh1ts pkh2D
cells (Figure S3, B-E), indicating that TORC1-Sch9 and
Pkh1/2 signaling plays a specific role in the stress response
to tunicamycin.

Furthermore, there were no obvious changes in TORC1-
dependent Sch9 phosphorylation within 180min of exposure
to tunicamycin (Figure 3D), although ribosomal protein gene
expression diminished to �30% of the initial levels (Figure
3D). These results suggest that transcriptional repression of
ribosomal protein genes is not due to decreases in TORC1-
dependent Sch9 phosphorylation, consistent with a previous
report showing that tunicamycin does not affect TORC1 ac-
tivity (Stauffer and Powers 2015). These findings may sug-
gest that TORC1 is not actively involved in the response to
stress generated by tunicamycin, but rather acts passively for
Sch9 activation. Finally, an avo3-30 mutant defective in
TORC2, which phosphorylates Pkc1, and has distinct struc-
ture and functions from TORC1 (Figure 3A) (Loewith et al.
2002; Nomura and Inoue 2015), did not exhibit a defect in
the stress response to tunicamycin despite complete loss of
actin organization (Figure 3, E and F). These data suggest
that TORC2 is not involved in the stress response.

Tunicamycin treatment leads to increased levels of
phytosphingosine and T570 phosphorylation of Sch9

Since TORC1 activity did not significantly change after expo-
sure to tunicamycin (Figure 3D) (Stauffer and Powers 2015),
other signaling factors maymediate the stress response. Such
factors could include long-chain sphingoid bases, which may
accumulate via unknownmechanisms in the presence of tuni-
camycin, given that tunicamycin induces a decrease of IPC
levels (Pittet et al. 2006). Indeed, we found a significant in-
crease in phytosphingosine levels in wild-type cells 3 hr after
tunicamycin addition (Figure 4A, left). The increase in phy-
tosphingosine levels occurred 1 hr after tunicamycin treat-
ment and continued for 3 hr (Figure 4A, right). These results
are consistent with the ability of phytosphingosine to rescue
the tunicamycin-induced stress response in lcb1-100 cells
(Figure 1C).

The accumulation of phytosphingosine in the presence of
tunicamycin could be the result of a delay in ceramide syn-
thesis due to impaired N-glycosylation. However, a cwh8D
mutant defective in N-glycosylation, which has a reduced
level of IPC, exhibits normal ceramide synthase activity
(Pittet et al. 2006). As IPC synthase activity is also normal
in the cwh8D cells (Pittet et al. 2006), it is likely that aberrant
N-glycosylation impairs the transport of ceramides between
the ER and the Golgi, which in yeast occurs mainly via vesicular
transport (Funato and Riezman 2001). Thus, N-glycosylation
may mediate the vesicular transport of ceramide and thereby
modulate levels of long-chain sphingoid bases.
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Figure 2 TM-induced repression of ribosomal protein genes depends on Pkh1/2 kinases, and the downstream effectors Pkc1 and Sch9, but not on Ypk1/2. (A)
Signaling by LCBs via Pkh1/2. (B)WT (SEY6210) and pkh1ts pkh2D (MTY29) cells were cultured in YPD at 25�, and shifted to 32� for 4 hr.WT (FKY59), pkh1D (FKY61),
and pkh2D (FKY58) cells were cultured in YPD at 30�. The cells were then treated with TM. The mRNA levels were quantified as described in Figure 1B. (C) WT
(SEY6210) and ypk1ts ypk2D (MTY77) cells were cultured in YPD at 25�, shifted to 33� for 4 hr, treatedwith TM, and harvested for northern analysis as described in (B).
(D) The same strains as in (C) were cultured in YPD at 25�, shifted to 33� for 4 hr, fixed for 30 min with 3.7% formaldehyde, stained with rhodamine-phalloidin, and
visualized by fluorescencemicroscopy. Data aremean6 SD of the percentage of cells with polarized actin. ** P, 0.01 by Student’s t-test. (E) Ypk1-WT (PLY1083) and
Ypk1-AS (PLY1098) were cultured in YPD at 25�, treated with 0.5 mM 2,3-DMB-PPI for 1 hr, and then treated with TM. (F) WT (SEY6210) and pkc1-2 (FKY2746) cells
were cultured in YPD at 25�, shifted to 32� for 4 hr, and then treated with TM. (G) WT (W303-1A), sch9D (FKY3873), and sch9D cells with pRS416-SCH9 or
pRS416-SCH9(kd) were cultured in YPD at 30�, and then treated with TM. The mRNA levels were determined and quantified as described in (B). 2,3-DMB-PP1,
4-amino-1-tert-butyl-3-(2,3-dimethylbenzyl)pyrazolo[3,4-d]pyrimidine; LCB, long-chain sphingoid bases; TM, tunicamycin; WT, wild-type.
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Figure 3 TORC1, but not TORC2, regulates the stress response to TM via Sch9. (A) Relationships between Pkh1/2, TORC1, TORC2, and phosphorylation
sites in Sch9. (B) sch9D (FKY3873) cells with pRS416-SCH9 or pRS416-SCH9(5A) were cultured in YPD at 30�. The mRNA levels in (B and C) were
quantified as described in Figure 1B. (C) WT (JK9-3da) and tor1D tor2-29 (SH229) cells were cultured in YPD at 25�, shifted to 33� for 6 hr, treated with
TM, and harvested for northern analysis. (D) sch9D (FKY3873) cells transformed with pRS416-SCH9-5HA were cultured to log phase at 30� in synthetic
complete medium without uracil, and treated with 200 ng/ml Rap for 30 min or with 2.5 mg/ml TM for the indicated times or left untreated (control),
and split into two parts for RNA and protein extraction. RNA was analyzed by northern blotting and quantified as described in (B), while protein extracts
were reacted with 2-nitro-5-thiocyanobenzoic acid and analyzed by immunoblotting using anti-HA. Data are mean 6 SD of phosphorylated Sch9 as
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As sphingolipids appear to function as upstream activators
of the Pkh1/2 kinases (Huang et al. 2012) and in vitro phos-
phorylation of Sch9 by Pkh1/2 is stimulated by phytosphin-
gosine (Liu et al. 2005), we next examined if tunicamycin
treatment affects the phosphorylation of residue T570 in
Sch9, which is catalyzed by Pkh1/2 (Urban et al. 2007). As
shown in Figure 4B, tunicamycin treatment resulted in in-
creased T570 phosphorylation, but had little effect on the
protein levels of total Sch9. Thus, these results suggest that
tunicamycin treatment activates the Pkh1/2 kinases. Inter-
estingly, although rapamycin decreased Sch9 protein expres-
sion, it led to an increased level of T570-phosphorylated
Sch9, implying that phosphorylation by Pkh1/2 may be neg-
atively regulated by TORC1.

ER contacts with the plasma membrane and vacuole are
not required for the stress response to tunicamycin

Although long-chain sphingoid bases are synthesized in the
ER (Funato et al. 2002), those trafficked to the plasma
membrane or other organelles may trigger Pkh1/2-depen-
dent signaling instead, especially since sphingoid bases
accumulate at unknown sites following tunicamycin expo-
sure. Given that the ER forms membrane contact sites with
the plasma membrane, Golgi, endosomes, mitochondria,
lipid droplets, and vacuoles, and that such contact sites
are required to exchange lipids between organelles (Lahiri
et al. 2015; Jain and Holthuis 2017), we investigated the
effect of deleting the genes involved. Deletion of all six
tether proteins that form contact sites between the cortical
ER and the plasma membrane (Dtether), including Ist2,
Scs2/Scs22, and Tcb1/2/3, inhibited the formation of such
contact sites (Manford et al. 2012) but did not affect tuni-
camycin-induced repression of ribosomal protein gene ex-
pression, as shown in Figure S4A. Cells separately deficient
in Ist2 (ist2D), Scs2/Scs22 (scs2D22D), or Tcb1/Tcb2/Tcb3
(tcb1D2D3D) also did not display obvious defects in the
stress response. Similarly, Epo1, a polarisome subunit re-
quired to tether cortical ER at bud tips (Neller et al.
2015), was not involved in the stress response (Figure
S4B). Moreover, tunicamycin-induced repression of ribo-
somal protein gene expression occurred normally in a de-
letion mutant of NVJ1, which is required to tether the
perinuclear ER (nuclear envelope) to the vacuole (Pan
et al. 2000), or of LTC1, which regulates such nucleus–
vacuole junctions (Murley et al. 2015) (Figure S4C), even
though TORC1 and Sch9 are predominantly localized to
the vacuole (Urban et al. 2007; Sturgill et al. 2008). Collec-
tively, the data indicate that ER contacts with the plasma
membrane or vacuole are not required for the stress re-
sponse to tunicamycin.

Pkh1/2 and Sch9 signaling is essential for survival to
tunicamycin-induced stress

Deletion of SCH9 enhanced the sensitivity to tunicamycin, as
assessed by cell growth (Figure 5A). Conversely, expression
of SCH9 and SCH9(2D3E), a constitutively active allele, re-
stored sensitivity to tunicamycin, but expression of SCH9(kd)
or SCH9(5A) did not. These results suggest that Sch9 is in-
dispensable for adaptation to tunicamycin-induced stress. In
addition, tor1D tor2-29 and pkh1ts pkh2D mutant cells
showed enhanced sensitivity to tunicamycin, although the
tor1D tor2-29 cells were only slightly more sensitive than
control cells. Thus, these results imply that the reduction of
ribosome biogenesis plays an important role in the adapta-
tion to stress caused by tunicamycin, consistent with the find-
ing that ribosomal protein gene deletionmutants exhibit high
resistance to tunicamycin (Steffen et al. 2012).

Collectively, our results reveal that, in response to
tunicamycin-induced stress, ribosomal protein genes are
specifically downregulated by long-chain sphingoid bases
and downstream effectors. In particular (Figure 5B), phytos-
phingosines accumulate following tunicamycin addition, ac-
tivate Pkh1/2, and thereby promote the phosphorylation of
Pkc1 and Sch9. This model is consistent with previous obser-
vations that phytosphingosine and Pkh1/2 stimulate the
phosphorylation of Pkc1 and Sch9 in vitro (Friant et al.
2001; Liu et al. 2005), that the lcb1-100mutation diminishes
Pkc1 phosphorylation in vivo (Clarke et al. 2017), and that
downregulation of Lcb1 reduces Sch9 phosphorylation via
Pkh1/2 in vivo (Huang et al. 2012). The stress response to
tunicamycin is also defective in a tor1D tor2-29 mutant and
an SCH9(5A) mutant that lacks TORC1 phosphorylation
sites, implying that Sch9 phosphorylation by TORC1 is also
required. Consistent with this, Sch9 phosphorylation by
TORC1 appears to be essential for adaptation to tunicamycin-
induced stress, since SCH9(5A) mutant cells were sensitive to
tunicamycin. However, Pkc1 may also act in parallel with
Sch9 (Figure 5B), since SCH9(2D3E), a constitutively active
allele, does not rescue the stress response in pkc1-2 cells
(Figure S5A) or the tunicamycin sensitivity of pkh1ts pkh2D
cells (Figure S5B). In addition, tunicamycin-induced tran-
scriptional repression of ribosomal protein genes was not
completely attenuated in the lcb1-100 mutant cells, suggest-
ing that other sensor proteins such as Wsc1 are required for
the stress response.

Tunicamycin not only causes transcriptional repression of
ribosomal proteingene expression, but also activatesER stress
surveillance and cell wall integrity signaling through the cell-
surface sensors Wsc and Pkc1 (Babour et al. 2010). Notably,
sphingolipids also activate ER stress surveillance (Piña et al.
2018). Strikingly, repression of ribosomal protein gene

percentage of total Sch9 at time zero. * P , 0.05 and ** P , 0.01 by Student’s t-test. (E) AVO3 (PLY718) and avo3-30 (PLY1134) were cultured in YPD
at 25�, shifted to 30� for 4 hr, treated with TM, and harvested for northern blotting as described in (B). (F) The same strains as in (E) were cultured in YPD
at 25�, shifted to 30� for 4 hr, fixed with formaldehyde, stained with rhodamine-phalloidin, visualized by fluorescence microscopy, and quantified as
described in Figure 2D. CE, C-terminal extension; KD, kinase domain; Rap, rapamycin; RD, regulatory domain; TM, tunicamycin; WT, wild-type.
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expression does not require Slt2 (Li et al. 2000), an otherwise
important determinant of stress survival and, like ER stress
surveillance and cell wall integrity signaling, a driver of
Rlm1-mediated transcription (Babour et al. 2010; Levin
2011). How transcriptional repression of ribosomal protein
gene expression is triggered during tunicamycin-induced
stress is unknown, except that it is independent of the Ire1-
mediated unfolded protein response (Nierras and Warner
1999). However, we propose that the downstream effectors
of phytosphingosine-Pkh1/2, Pkc1, and Sch9 repress ribo-
somal protein gene expression through Rap1-mediated si-
lencing (Mizuta et al. 1998), 60S ribosomal subunit
assembly (Miyoshi et al. 2002; Horigome et al. 2008), or
other as yet unknown mechanisms (Figure 5B).

The cellular response to stress caused by tunicamycin
treatment is believed to be coupled to cell growth (Mizuta

and Warner 1994; Mizuta et al. 1998; Li et al. 2000; Steffen
et al. 2012) as such stress probably occurs in rapidly growing
cells. Indeed, as TORC1-Sch9 signaling is a master regulator
of cell growth and is activated under growth conditions
(Loewith and Hall 2011), it can be exploited to effectively
and rapidly repress ribosomal protein genes in response to
tunicamycin-induced stress. TOR-Sch9 signaling negatively
regulates the transcriptional repression of ribosomal protein
genes under stress conditions such as heat shock or nitrogen
deficiency, whereas positive regulation is seen in response to
stress caused by tunicamycin. It is largely unknown how
TOR-Sch9 signaling induces such opposite outputs under dif-
ferent conditions. We found that T570 phosphorylation of
Sch9 was increased when cells were treated with rapamycin,
suggesting that Sch9 phosphorylation via Pkh1/2 is nega-
tively regulated by TORC1. This may also suggest that Sch9

Figure 4 TM treatment leads to increased levels of
phytosphingosine and T570 phosphorylation of Sch9.
(A) WT (FKY2736) cells were cultured to log phase at
25� in synthetic dextrose medium, treated for 2 hr with
2.5 mg/ml TM, and labeled with 10 mCi [3H]DHS for 1 hr
(left panel). WT (FKY1131) cells were treated for 30 min
with 5 mg/ml TM and labeled with [3H]DHS for the in-
dicated times (right panel). Labeled lipids were (+) or
were not (2) mildly hydrolyzed with NaOH to deacylate
base-sensitive glycophospholipids, and only detect
base-resistant sphingolipids such as PHS and IPC, and
analyzed by thin-layer chromatography. Incorporation
into base-resistant PHS was quantified as percentage
of total radioactivity, and is reported relative to incorpo-
ration in cells not exposed to TM. Data are mean6 SD
of three independent experiments (bottom left graph).
* P , 0.05 by Student’s t-test. (B) WT (W303-1A)
cells and sch9D (FKY3873) cells transformed with
pRS416-SCH9-5HA were cultured in YPD, treated with
200 ng/ml Rap for 30 min or with 2.5 mg/ml TM for
the indicated times or left untreated (control). The pro-
tein extracts from WT cells were prepared and ana-
lyzed by immunoblotting using anti-P-T570. The
extracts from cells expressing Sch9-5HA were reacted
with 2-nitro-5-thiocyanobenzoic acid and analyzed by
immunoblotting using anti-HA. Data represent one of
two reproducible and independent experiments. The
relative amounts of T570-phosphorylated Sch9 (top
panel) and total Sch9 (middle panel) compared to
the levels in untreated cells were calculated and
shown. Ponceau S staining (bottom panel) as a loading
control is also shown. DHS, dihydrosphingosine; IPC,
inositolphosphorylceramide; PE, phosphatidylethanol-
amine; PHS, phytosphingosine; PI, phosphatidylinosi-
tol; Rap, rapamycin; TM, tunicamycin; WT, wild-type.
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phosphorylated by Pkh1/2 plays a distinct role from that
phosphorylated by TORC1. Given that tunicamycin treat-
ment leads to an increase in Sch9 phosphorylation via
Pkh1/2, and that both Pkh1/2 and TORC1 are required for
the stress response to tunicamycin, we propose that phos-
phorylation of Sch9 by both Pkh1/2 and TORC1 is required

to activate unknown factor(s) that transcriptionally repress
ribosomal protein genes. Since phosphorylation of the TORC1
sites in Sch9 was unaffected by tunicamycin, basal TORC1
activity may be required to maintain active Sch9.

The accumulation of phytosphingosine following tunica-
mycin treatment could be due to impaired ceramide transport

Figure 5 Loss of Pkh1/2 and Sch9 signaling sensitizes cells to TM. (A) WT (W303-1A); sch9D (FKY3873); sch9D cells with pRS416-SCH9,
pRS416-SCH9(2D3E), pRS416-SCH9(5A), or pRS416-SCH9(kd); WT (JK9-3da); and tor1D tor2-29 (SH229), WT (SEY6210), and pkh1ts pkh2D
(MTY29) cells were cultured at 25� to OD600 = 1.0 in YPD. Fivefold serial dilutions were then spotted on YPD plates containing TM at the indicated
concentrations, and incubated at 30� for 3 days (upper) or 25� for 6 days (bottom). (B) A working model for sphingolipid/Pkh1/2- and TORC1/Sch9-
dependent regulation of ribosomal biogenesis under TM-induced stress. CWI, cell wall integrity; ERSU, ER stress surveillance; NE, nuclear envelope; PM,
plasma membrane; RP, ribosomal protein; TM, tunicamycin; UPR, unfolded protein response; WT, wild-type.
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from the ER to the Golgi and subsequent degradation of
ceramide by ER-resident ceramidases. Although the exact
sites where phytosphingosine activates Pkh1/2 remain to
be elucidated, phytosphingosine localized in the ER may be
implicated in the activation of Pkh1/2 kinases. Otherwise,
phytosphingosine delivered to the eisosome, a specialized
plasma membrane subdomain where a part of Pkh1/2 is
present (Walther et al. 2007), or to the vacuole membrane
where TORC1 and Sch9 functions appear to be regulated
(Urban et al. 2007; Binda et al. 2009; Kira et al. 2016;
Takeda et al. 2018), may activate Pkh1/2 to phosphorylate
Sch9. In this case, the delivery of phytosphingosine to these
organelles does not seem to require membrane contact sites
between organelles, because transcriptional repression of
ribosomal protein genes in response to tunicamycin was
unaffected in deletion mutants of genes that function as
tethers between the ER and plasma membrane, or vacuole
membrane.

In summary, our study indicates a new role for sphingoli-
pid/Pkh1/2-TORC1/Sch9 signaling in the transcriptional
repression of ribosomal protein genes upon tunicamycin-
induced stress. Further work is required to identify the
downstream effector(s) of Sch9 that represses ribosomal pro-
tein gene expression. It will also be interesting to determine
whether a similar mechanism for stress-induced repression of
ribosomal protein genes exist in mammalian cells.
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