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Introduction

The ER is an essential organelle that serves as the birthplace 
for secretory and membrane proteins and ensures their correct 
folding and assembly. Moreover, it is a major site for lipid syn-
thesis. When functional demands on the ER exceed its capacity, 
unfolded and misfolded proteins accumulate in the ER lumen, 
resulting in a condition known as ER stress. The importance 
of maintaining ER homeostasis is reflected in the fact that ER 
stress contributes to human diseases, including type 2 diabe-
tes (Crunkhorn, 2015; Han and Kaufman, 2016), Alzheimer’s 
disease, and Parkinson’s disease (Tabas and Ron, 2011; Mer-
cado et al., 2013; Plácido et al., 2014). Molecularly, ER stress 
induces a well-characterized cellular defense pathway known 
as the unfolded protein response (UPR), which acts to up-regu-
late the transcription of genes encoding ER-resident chaperones 
and protein-modifying enzymes needed to restore ER homeo-
stasis (Mori, 2000; Rutkowski and Kaufman, 2004; Denic et 
al., 2006; Ron and Walter, 2007; Feige and Hendershot, 2011; 
Frakes and Dillin, 2017).

Because the ER is not synthesized de novo, but arises 
from the preexisting ER, transmission of a fully functional ER 
to the daughter cell is critical during cell division. Under con-
ditions in which the demands on ER function are increased, 
termed “ER stress,” the ER stress surveillance (ERSU) pathway 
is activated to prevent transmission of a potentially damaged ER 
into the forming daughter cell in yeast, Saccharomyces cerevi-
siae. The ER that surrounds the nucleus is termed “perinuclear 
ER” (pnER) in yeast, and the ER localized under the cell cortex 

is termed the “cortical ER” (cER; Prinz et al., 2000; Du et al., 
2001; Fehrenbacher et al., 2002; Estrada et al., 2003; West et 
al., 2011). pnER and cER are connected by a few ER tubules. 
The first recognizable step during ER inheritance is entry of the 
tubular ER emerging from the pnER into the daughter cell. On 
anchoring of the tubular ER at the bud tip, the ER spreads lat-
erally throughout the daughter cell cortex to generate the cER. 
In contrast, under ER stress, the pnER and the nucleus enter 
into the daughter cell, whereas cER inheritance is blocked. Ul-
timately, ERSU pathway activation delays cytokinesis, in part 
by causing septin ring mislocalization until ER function is re-
stored (Fig. 1 a; Babour et al., 2010; Piña and Niwa, 2015; Piña 
et al., 2016). The ERSU pathway ensures that daughter cells 
inherit functional ER.

Surprisingly, we found that the ERSU pathway is inde-
pendent of the well-studied UPR, which is also initiated by ER 
stress. Rather, we showed the ERSU pathway involves activa-
tion of a MAP kinase, Slt2, and its upstream kinases, including 
Pkc1. Cells lacking Slt2 are unable to halt the cell cycle under 
conditions of ER stress, and the daughter cell therefore inher-
its a damaged ER, and ultimately, both mother and daughter 
die. Thus, the ERSU pathway plays a fundamentally critical 
role in the survival of ER-stressed cells. Currently, we do not 
know what components are the targets for activated Slt2 kinase 
under ER stress or what other molecules might be involved 
in initiating the ERSU.

Proper inheritance of functional organelles is vital to cell survival. In the budding yeast, Saccharomyces cerevisiae, the 
endoplasmic reticulum (ER) stress surveillance (ERSU) pathway ensures that daughter cells inherit a functional ER. Here, 
we show that the ERSU pathway is activated by phytosphingosine (PHS), an early biosynthetic sphingolipid. Multiple 
lines of evidence support this: (1) Reducing PHS levels with myriocin diminishes the ability of cells to induce ERSU phe-
notypes. (2) Aureobasidin A treatment, which blocks conversion of early intermediates to downstream complex sphin-
golipids, induces ERSU. (3) orm1Δorm2Δ cells, which up-regulate PHS, show an ERSU response even in the absence of 
ER stress. (4) Lipid analyses confirm that PHS levels are indeed elevated in ER-stressed cells. (5) Lastly, the addition of 
exogenous PHS is sufficient to induce all ERSU phenotypes. We propose that ER stress elevates PHS, which in turn acti-
vates the ERSU pathway to ensure future daughter-cell viability.
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Figure 1.  Inhibitors of the sphingolipid biosynthetic pathway affect ERSU activation. (a) ER stress activates the ERSU pathway, which blocks cER inheritance 
and causes septin-ring mislocalization, leading to a cytokinesis arrest. (b) A simplified diagram of early steps in the sphingolipid biosynthetic pathway in 
yeast. A portion only relevant to this study is shown. Some genes were omitted for simplicity; biosynthetic components are in blue, inhibitory genes in red, 
and inhibitors in purple boxes. The effect of inhibitors to PHS levels are indicated. (c and d) WT cells were incubated with or without Tm, a glycosylation 
inhibitor. All the drug concentrations used throughout this study were described in Materials and methods, unless otherwise stated. The effect of myriocin 
was tested by preincubating cells with myriocin (Myr) before induction of ER stress by Tm in SC containing 1 M sorbitol. Light blue (DMSO), yellow (+Tm), 
gray (+Myr), and dark green (Tm + Mry) bars represent the percentage of cells with cER (visualized by Hmg1-GFP reporter) in the daughter cell (c). Sor-
bitol was added to prevent effects of the cell wall response pathway in all experiments, unless otherwise stated. Cells were classified according to bud 
size: class I (bud < 2 µm); class II (bud > 2 µm), which lack pnER; and class III, which contain pnER. Quantification of WT cells with mislocalized septin 



Phytosphingosine activates the ERSU pathway • Piña et al. 497

A recent study revealed that ER stress also expands the 
overall amount of the ER membrane independently of the UPR 
(Schuck et al., 2009). It therefore seemed possible that mole-
cules involved in initiating the ERSU pathway might also play 
a role in coordinating ER size with the cell cycle. It is well 
known that the majority of yeast lipids, including phospholip-
ids, sphingolipids, and sterols, are synthesized on the exterior 
face of the ER. However, a few studies focusing on UPR have 
identified sphingolipids as ER homeostasis regulators (Breslow 
et al., 2010; Han et al., 2010). Here, we investigated the role of 
sphingolipid biosynthesis in activating the ERSU pathway and 
its control of cER inheritance.

Results and discussion

ERSU pathway induction is sensitive to 
sphingolipid alteration
To investigate a potential involvement of sphingolipids in the 
ERSU pathway (Fig. 1 a), we used a potent sphingolipid bio-
synthetic pathway inhibitor, myriocin. It inhibits serine pal-
mitoyltransferase (SPT), which converts serine and palmitoyl 
CoA into 3-ketosphinganine, which is then converted to dihy-
drosphingosine (Fig. 1 b; Miyake et al., 1995). Myriocin treat-
ment reduces sphingolipid levels in mammalian cells (Miyake 
et al., 1995; Meyer et al., 2012; Caretti et al., 2016; Salaun et 
al., 2016). Importantly, this drug is similarly effective in S. cer-
evisiae (Sun et al., 2000; Breslow et al., 2010; Huang et al., 
2012; Vecer et al., 2014). Here we used WT cells to examine 
the effects of myriocin on the ERSU pathway hallmark events: 
(1) cER inheritance block, (2) septin ring mislocalization, and 
(3) Slt2 phosphorylation. As a control, we treated cells with 
tunicamycin (Tm) alone, an N-glycosylation inhibitor known 
to induce ER stress and to block ER inheritance. The typical 
assay to quantify ER inheritance block involves dividing cells 
into three classes, based on bud size and inheritance of cortical 
and pnER, as previously described (Babour et al., 2010; Piña 
and Niwa, 2015; Piña et al., 2016). Class I cells are those in 
the early stages of the cell cycle with a small bud (<2 µm in 
diameter). Class II cells have a medium-size bud (≥2 µm) that 
lacks pnER. Class III cells have a large bud that contains pnER 
(Fig. 1 c and Fig. S1 a). In agreement with our previous study, 
ER stress (i.e., Tm treatment) reduced the number of daughter 
cells that inherited cER in all three classes of cells (Fig. 1 c, 
compare yellow and blue bars). This block was specific to cER 
transmission, in agreement with our previous observations. 
Myriocin pretreatment for 30 min, however, reduced the ER 
stress-induced (Tm) cER inheritance block (Fig. 1 c, dark green 
vs. yellow bars; and Fig. S1 a). Myriocin alone did not block 
cER inheritance (Fig. 1 c, gray bars; and Fig. S1 a). The impact 
of ER stress is most significant for class I cells. Many of class 
II and III cells represent cells that had already inherited the cER 
in the bud before ER stress induction. We showed previously 

that cells with cER in the daughter cells at the time of addition 
of the ER stress inducer do not lose their cER (Piña and Niwa, 
2015). Our data has revealed that such cells undergo cytokine-
sis for the first round but block the cER inheritance during the 
second round of cell cycle.

Another key ERSU event is septin ring mislocalization 
away from the bud neck in response to ER stress (Babour et al., 
2010). The septin ring normally forms at the site of septation 
between the two cells before cytokinesis. Thus, septin mislocal-
ization helps establish the ERSU cell cycle block. We followed 
the septin ring with Shs1-GFP (Babour et al., 2010; Piña and 
Niwa, 2015; Piña et al., 2016), and as reported, Tm-induced ER 
stress increased the percentage of cells with mislocalized septin 
rings (Fig. 1 d, yellow bar; Babour et al., 2010; Piña and Niwa, 
2015; Piña et al., 2016). The prevalence of septin ring mislocal-
ization was reduced when cells were pretreated with myriocin 
before ER stress induction (Fig. 1 d, compare dark green and 
yellow bars; and Fig. S1 b).

An additional key ERSU event is the activation (phos-
phorylation) of Slt2, a key ERSU pathway regulator under 
ER stress (Fig. 1 e; Babour et al., 2010; Piña and Niwa, 2015; 
Piña et al., 2016). Treating ER-stressed cells with myriocin 
(i.e., Tm plus myriocin) was found to reduce the levels of Slt2 
phosphorylation (Fig.  1  e, p-Slt2p, lane 2 vs. 4).Collectively, 
the results in Fig.  1 (b–e) reveal that the inhibition of sphin-
golipid synthesis by myriocin diminishes the ability of Tm-in-
duced ER stress to activate the ERSU pathway: lowered cER 
inheritance block, decreased septin ring mislocalization, and 
decreased Slt2 activation.

To further investigate the potential impact of sphingo-
lipid biosynthesis on the ERSU pathway, we performed similar 
experiments treating cells with the Aur1 inhibitor, aureoba-
sidin A (AbA), which prevents the conversion of phytocera-
mide or dihydroceramide (DHC) to inositol-phosphoceramide 
(IPC) and downstream complex sphingolipids, thereby caus-
ing the accumulation of upstream PHS (Fig. 1 b; Heidler and 
Radding, 1995). Like myriocin, AbA is a well-established in-
hibitor (Nagiec et al., 1997; Zhong et al., 1999; Aeed et al., 
2009; Muir et al., 2014). Treating cells with both AbA and 
Tm lowered cER inheritance, increased septin ring mislocal-
ization, and caused Slt2 phosphorylation compared with Tm 
treatment alone (Fig. 1, f and g, red; and Fig. 2 h, Tm+AbA, 
lane 4). Importantly, AbA alone was sufficient to induce the 
cER inheritance block, septin-ring mislocalization, and Slt2 
phosphorylation (Fig. 1, f and g, purple; and Fig. 2 h, AbA, 
lane 3). The negative impact of myriocin on the ERSU path-
way (myriocin reduced levels of ER inheritance block and 
septin mislocalization when compared with Tm; Fig. 1, c–e) 
and the positive impact of AbA on the ERSU pathway (AbA 
increased levels of ER inheritance block and septin mislocal-
ization; Fig. 1, f and g; and Fig. 2 h) suggest that sphingolipid 
biosynthetic genes or products upstream of Aur1 activate the 
ERSU pathway. Furthermore, these genes or products must be 

was visualized by Shs1-GFP (d). (e) Slt2 phosphorylation (p-Slt2p) in WT and orm1Δorm2Δ cells, activated with Tm, was attenuated by Myr treatment. 
Western blots showing levels of phosphor-Slt2 for WT and orm1Δorm2Δ cells. The same blot was reprobed with anti-total Slt2 and Pgk1 antibodies. Levels 
of phosphor-Slt2 in different treatments were normalized based on Pgk1 levels. Fold changes of phosphor-Slt2 levels for both WT and orm1Δorm2Δ cells 
were calculated based on the level of p-Slt2 in DMSO-treated WT cells. The total level of Slt2 protein changed in response to ER stress because of the Hac1 
independent transcriptional increase of SLT2 induced by ER stress (Chen et al., 2005; (Babour et al., 2010). (f and g) Cells were incubated with (yellow) 
or without (light blue) Tm in the presence (purple) or absence (red) of 50 ng/ml AbA for 3 h in SC with 1 M sorbitol to assess cER inheritance block (f) or 
for 2 h to assess mislocalized septin (g). For all quantitation shown in this figure: *, P < 0.01; **, P < 0.05. Data are the mean ± SD of three independent 
experiments; n > 100 cells of each strain.
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associated with processes between the SPT and Aur1 steps of 
the sphingolipid synthesis pathway (Fig. 1 b).

Genetic up-regulation of phytosphingosine 
(PHS) induces ERSU
To further test the role of sphingolipids in activating the ERSU 
pathway, we examined the involvement of Orm1 and Orm2, 
evolutionarily conserved negative regulators of SPT activity, 
which help maintain lipid homeostasis (Fig.  1  b; Breslow et 
al., 2010; Walther, 2010; Liu et al., 2012). Orm2 functions in 
the ER stress response, but the exact roles it plays in this re-
sponse remains elusive (Breslow et al., 2010; Han et al., 2010; 
Liu et al., 2012). Cells lacking Orm1 and Orm2 (orm1Δorm2Δ) 
showed increased levels of sphingolipids (discussed later in 
Fig. 5 c). A significant number exhibited cER inheritance block, 
even before ER stress induction (Fig. 2, a and b, compare WT 
with orm1Δorm2Δ, blue bars, lane 1 vs. 7, 9 vs. 15, and 17 vs. 
23; and Fig. S2, a and b). ER stress further increased the num-
ber of orm1Δorm2Δ cells without cER in their daughter cells 
(Fig. 2, a and b, compare WT with orm1Δorm2Δ, yellow bars, 
lane 2 vs. 8, 10 vs. 16, and 18 vs. 24; and Fig. S2, a and b). The 
number of cells with septin ring mislocalization was elevated 
in orm1Δorm2Δ cells before ER stress (Fig. 2 c, compare WT 
to orm1Δorm2Δ, blue bars, lane 1 vs. 7; and Fig. S2 c). ER 
stress led to more septin-ring mislocalization (Fig. 2 c, lane 7 
vs. 8; and Fig. S2 c). Slt2 Phosphorylation followed a similar 
trend: it was elevated in orm1Δorm2Δ cells compared with WT 
(p-Slt2p; Fig. 2 h, lane 1 vs. 5) and was further increased by 
Tm-induced ER stress (Fig. 2 h, lane 5 vs. 6). Collectively, the 
lack of Orm1 and Orm2, which increases sphingolipid biosyn-
thesis, induced all three ERSU phenotypes, even in the unper-
turbed state, and ER stress exacerbated these ERSU phenotypes 
(ER inheritance block, septin mislocalization, and Slt2 phos-
phorylation), supporting the idea that increased levels of sphin-
golipids activate the ERSU pathway.

The effects of sphingolipid biosynthesis on the ERSU 
pathway were further examined by adding either myriocin or 
AbA to orm1Δorm2Δ cells. Treatment of orm1Δorm2Δ cells 
with myriocin diminished the levels of ER inheritance block and 
septin-ring mislocalization, compared with Tm alone (Fig. 2, d 
and e, compare blue, yellow, and dark green; and Fig. S2, d and 
e). Addition of AbA alone caused an ER inheritance block and 
septin mislocalization at levels similar to Tm (Fig. 2, f and g, 
compare purple with yellow bars; and Fig. S2, d and e). AbA 
plus ER stress further exacerbated these phenotypes (Fig. 2, f 
and g, red bars; and Fig. S2, d and e). Thus, these results further 
support the hypothesis that elevated levels of sphingolipid bio-
synthesis activate the ERSU pathway.

Exogenous PHS addition induces 
ERSU pathway
We reasoned that if an increase in early sphingolipid levels 
activates the ERSU pathway, then exogenous addition of 
sphingolipid intermediates might be sufficient to induce ERSU- 
mediated events. Indeed, WT cells treated with 20 µM PHS in-
creased the number of cells lacking cER in the daughter cells 
(Fig. 3, a–c, dark brown bars in panel c). Both cER inheritance 
block and septin ring mislocalization occurred effectively even 
at 1 µM PHS (Fig. 3, c and e, WT, and red bars in panel c). In-
terestingly, we noted that when treated with PHS, many class II 
daughter cells had only tubular ER in daughter cells instead of 
the fully extended cER (Fig. 3, a and b, WT). We termed these 

cells to have “partially” inherited ER. Previous studies reported 
that initial ER inheritance under normal WT conditions (no ER 
stress) consists of at least three distinct steps: (1) entry of tubu-
lar ER extending off the mother nuclear ER into the daughter 
cell, (2) anchoring of this tubular ER at the bud tip, and (3) 
expansion of the cER throughout the cortex of the daughter cell 
(Fehrenbacher et al., 2002). Notably, anchoring of the tubular 
ER at the bud tip appears to be a critical step for the retention 
of cER in the daughter cell; before the anchoring step, tubular 
ER remains uncommitted and could return to the mother cell 
(West et al., 2011; Chao et al., 2014). We concluded that exog-
enous PHS addition to unstressed cells does not seem to allow 
the tubular ER to anchor properly or the cER to spread in the 
daughter cell (Fig. 3 b). Moreover, we noted that even a longer 
incubation with PHS never produced cER spread throughout 
the cortex of the daughter cell.

In addition to the ER inheritance block, addition of PHS 
also caused septin ring mislocalization (Fig.  3, d and e, WT, 
lanes 3–5). In addition, we found that the PHS-mediated ER in-
heritance block and septin mislocalization depends on the pres-
ence of Slt2, the MAPK activated in an ERSU pathway; PHS did 
not have a significant effect on slt2Δ cells (Fig. 3, b–e, slt2Δ). 
Finally, we found that addition of PHS also induced Slt2 phos-
phorylation and that this depends on Pkc1 (Fig. 3 f). The Pkc1 
kinase is a component of the ERSU pathway known to function 
upstream of Slt2. Notably, Slt2 phosphorylation shows a sus-
tained increase during the 120 min of Tm treatment (Fig. 3 f, 
lanes 1–3) but was observed here to be transient in PHS-treated 
cells (Fig. 3 f, lanes 4–6), most likely because of PHS conver-
sion to downstream lipid (discussed further in the next section). 
Importantly, we found that DHC or ceramide could not activate 
the ERSU pathway, revealing that PHS specifically activates the 
ERSU pathway (Fig. 4, a–d).

Sphingolipid analysis confirms PHS 
increases during the ERSU response
The effects of myriocin, AbA, and orm1Δorm2Δ on ERSU phe-
notypes and the induction of the ERSU phenotypes on addition 
of PHS are all consistent with the idea that the ERSU pathway 
is activated by increased levels of PHS. These observations sug-
gest that ER stress causes changes in sphingolipid levels, which 
could act as an ERSU activating signal. To test if sphingolipid 
levels are altered in response to ER stress, we measured the lev-
els of components along the sphingolipid pathway (Fig. 1 b), 
including ceramide, IPC, mannose-inositol-phosphoceramide 
(MIPC), or M(IP)2C after ER stress induction (Fig. 5 a and Fig. 
S3, c and d). First, cells were pulse-labeled with [14C]serine, 
followed by lipid extraction and analysis on TLC to examine 
the levels of newly synthesized ceramide, IPC, and MIPC in 
ER-stressed WT cells (Fig.  5  a). Analysis revealed that they 
increased over the first 30 min followed by a mild decline 
(Fig.  5  a). Levels of M(IP)2C, the final biosynthetic product 
of this pathway, continued to increase over the time course of 
the experiment (Fig. 5 a). Similar increases and subsequent de-
clines in these lipids were observed in Tm-treated wsc1Δ cells 
(Fig.  5  b), consistent with the idea that ER stress-induction 
of sphingolipids does not require Wsc1 and acts upstream of 
Wsc1. Wsc1 is a component of the ERSU pathway and thought 
to function upstream of Slt2. Indeed, both Wsc1 and Slt2 
knockout cells were found to display similar ERSU-deficient 
phenotypes (Fig. 2, b and c), in agreement with our previous 
study (Babour et al., 2010).
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Figure 2.  ERSU activation is altered inorm1Δorm2Δ cells. (a) Differential interference contrast (DIC) and fluorescence microscopy of Hmg1-GFP–expressing 
WT and orm1Δorm2Δ cells. Bar, 2 µm. Yellow arrowheads indicate cER, and magenta arrowheads indicate pnER in the daughter cell. (b) Quantification of 
cER inheritance and mislocalized septin ring in WT, wsc1Δ, slt2Δ, and orm1Δorm2Δ daughter cells. wsc1Δ and slt2Δ cells are ERSU-deficient control cells, little 
cER inheritance block, and little septin ring mislocalization, as described (Babour et al., 2010; Piña and Niwa, 2015; Piña et al., 2016). Cells were incubated 
with or without 1 µg/ml Tm in YPD for 3 h (b) and 2 h (c). The septin ring is visualized with Shs1-GFP. (d and e) Cells were incubated with or without Tm after 
pretreatment with or without Myr for 30 min. Quantification of class I, II, and III orm1Δorm2Δ daughter cells containing cER (d) and mislocalized septin (e). (f 
and g) Cells were incubated with or without Tm in the presence or absence of AbA. (h) Slt2 phosphorylation in response to Tm and AbA treatment for both WT 
and orm1Δorm2Δ cells. Fold changes of phosphor-Slt2 levels for both WT and orm1Δorm2Δ cells were calculated as described in Fig. 1. For all the quantitation 
shown in this figure, the data are the mean ± SD of three independent experiments; *, P < 0.01; **, P < 0.05; n > 100 cells of each strain.
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Figure 3.  Addition of PHS induces the ERSU pathway in an Slt2-dependent manner. (a) Schematic representation of cells with no, partial, or complete cER 
inheritance by the daughter cell. (b) Representative DIC and GFP images of WT and slt2Δ cells with the Hmg-GFP reporter with no, partial, or complete cER 
in untreated and PHS-treated cells. (c) Quantification of cER inheritance in WT cells treated with DMSO; 1, 5, and 20 µM PHS; or 1 µg/ml Tm for 90 min 
or slt2Δ cells treated with DMSO, 20 µM PHS, or 1 µg/ml Tm for 90 min. (d) Representative fluorescence and DIC images of septin localization (Shs1-GFP) 
in WT and slt2Δ cells treated with DMSO or 20 µM PHS. Inset in each panel shows a close-up view of the septin ring in one of the cells. (e) Quantification 
of septin mislocalizationin in WT cells treated with DMSO; 1, 5, and 20 µM PHS; or 1 µg/ml Tm for 90 min or slt2Δ cells treated with DMSO, 20 µM PHS, 
or 1 µg/ml Tm for 90 min. (f) Slt2 phosphorylation in WT and pkc1Δ cells treated with 1 µg/ml Tm or 20 µM PHS for indicated times. Levels of p-Slt2 were 
quantitated based on total Slt2 and Pgk1 loading controls. All results are the mean ± SD of at least three independent experiments (n > 100 cells of each 
strain and treatment). For statistical analyses: *, P < 0.01; **, P < 0.05. Bars: (insets) 2 µm; (field of cells) 5 µm.
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In a separate experiment, ER stress-induced increases 
were observed for the steady-state levels of PHS in WT cells 
(Fig.  5  c) examined via mass spectroscopic analysis of unla-
beled yeast lipids. Interestingly, the steady-state levels of PHS 
were significantly elevated up to 20-fold at 90 min in the ab-
sence of Orm1 and Orm2 (Fig. 5 c, green line, compare PHS 
levels in WT and orm1Δorm2Δ cells). This is consistent with 
the inhibitory roles of Orm1 and Orm2 on SPT under normal 
growth. We noted that a transient increase of PHS did not occur 
in orm1Δorm2Δ cells during ER stress induction (Fig. 5 c), sug-
gesting that Orm1 and Orm2 play roles in the ER stress-induced 
increase of PHS beyond their inhibitory effects on SPT under 
normal growth. Importantly, the kinetic increases in the sphin-
golipid biosynthetic pathway observed here at 30 min preceded 
the induction of the cER inheritance block and septin mislocal-
ization, which were detectable 30 min after Tm addition and 
peaked 90 min later (Fig. S3, a and b).

PHS is an early intermediate biosynthetic product that 
is converted to downstream sphingolipids (Fig. 1 b). Thus, we 
reasoned that the ERSU phenotypes (ER inheritance block, 
septin mislocalization, and Slt2 phosphorylation) induced by 
PHS might be transient because its conversion to downstream 
sphingolipids takes place in cells. Indeed, the decrease in the 
levels of phosphorylated Slt2 at 120 min after addition of PHS 
(Fig. 3 f, lane 6) is consistent with this idea. Thus, we tested the 
kinetic profiles of the ERSU phenotypes in response to PHS 
addition and asked if AbA could extend the effect of PHS on the 
ERSU phenotypes. Specifically, we reasoned that preventing 

the conversion of phytoceramide to downstream lipids would 
ultimately build up PHS and thus might extend PHS-induced 
ERSU events. The number of cells with cER was diminished 
at 90 min after PHS addition but recovered over 90–180 min of 
PHS addition (Fig. 5 d). However, in the presence of AbA, the 
PHS-induced ER inheritance block and septin mislocalization 
persisted for the full 180 min. These results provide further con-
firmation that PHS is a key component that induces the ERSU 
pathway (Fig. 5, d and e; and Fig. S3, g and h). Lastly, we found 
that the effect of PHS in inducing ERSU is independent of the 
UPR, because PHS did not activate a UPR enhancer (UPRE)–
GFP reporter in WT cells (Fig. 5, f and g).

Our findings indicate that ER stress induces a transient 
increase in sphingolipids and ceramides. The ER stress-induced 
increase in PHS, however, is relatively small presumably be-
cause it is an early biosynthetic intermediate. Although our 
results do not rule out the presence of additional ERSU acti-
vating components, we found that higher levels of PHS activate 
ER stress-induced ERSU events including (a) cER inheritance 
block, (b) septin ring mislocalization, and (c) Slt2 phosphoryla-
tion. Key involvement of PHS in the ERSU pathway is supported 
by several experiments. First, treating cells with myriocin, an 
inhibitor that decreases PHS levels, lessens the ability of Tm to 
induce ERSU. Second, treating cells with AbA, an inhibitor that 
increases PHS levels, induced ER inheritance block and septin 
ring mislocalization even in the absence of ER stress, and this 
block is exacerbated by Tm. Third, ERSU events, including Slt2 
phosphorylation, are measurable in unstressed orm1Δorm2Δ 

Figure 4.  PHS–induced ERSU is specific. (a and b) Quantitation of cER inheritance (a) and septin (b) mislocalization in WT and slt2Δ cells treated with 
DMSO, 20 µM DHC, or 20 µM ceramide (Cer). (c and d) Representative images of WT cells treated with DMSO, 20 µM DHC, or 20 µM Cer. The insets 
in the septin panels show a close-up view of the septin ring in one of the cells. Yellow arrowheads indicate normal septin, showing ceramide and DHC 
have no effect on septin localization. Bars: (insets) 2 µm; (field of cells) 5 µm. All results are the mean ± SD of at least three independent experiments (n > 
100 cells of each strain and treatment).
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cells, which contain higher-than-normal PHS levels. Tm treat-
ment of orm1Δorm2Δ cells further exacerbates the ER inheri-
tance block and septin mislocalization, although these effects 
are not as severe as seen in Tm-treated WT cells. Myriocin or 

AbA had minimal effects on orm1Δorm2Δ cells. Fourth, lipid 
analysis shows that Tm increases phytosphingolipid levels. Per-
haps most compellingly, exogenous addition of PHS induces 
the hallmark responses of the ERSU pathway.

Figure 5.  ER stress induces an increase in sphingolipids. Production of 14C-labeled ceramide and complex sphingolipids [IPC, MIPC, and M(IP)2C] in WT 
and wsc1Δ cells after treatment with DMSO or 1 µg/ml Tm for up to 120 min. Lipids were alkali-treated before separation on TLC and quantitated for 
WT cells (a) and wsc1Δ (b). (c) Mass spectrometric analysis of sphingolipids (PHS, ceramide, IPC, and MIPC) in WT and orm1Δorm2Δ cells treated with 
1 µg/ml Tm up to 90 min. Results are the mean ± SD of three independent experiments. (d and e) Quantification of cER inheritance (d) and septin-ring 
mislocalization (e) in WT cells treated with 20 µM PHS (red lines), or 20 µM PHS + 50 ng/ml AbA (brown lines) for the indicated time. (f) Schematic 
showing the UPRE-GFP reporter construct containing the UPRE element fused to the GFP ORF. (g) Expression of the UPRE-GFP reporter integrated into the 
genome of WT cells was measured by flow cytometry. Representative histograms of cell populations treated with DMSO, 1 µg/ml Tm, or 20 µM PHS for 
the indicated time are shown. All results are the mean ± SD of at least three independent experiments (n > 100 cells of each strain); some error bars are 
very small and not easy to see.
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Collectively, these data indicate that ER stress increased 
the levels of PHS, which appears to act as a key inducer of the 
ERSU pathway to block ER inheritance into the daughter cell 
and halt cytokinesis. This prevents the generation of daugh-
ter cells with a functionally compromised ER. Although TLC 
analyses revealed that IPC, MIPC, and M(IP)2C were also 
increased on Tm treatment, these complex sphingolipids are 
likely not important for ERSU pathway induction for the fol-
lowing reasons: First, treating cells with AbA alone induced the 
ERSU pathway, suggesting that biosynthetic products upstream 
of IPC are the critical ones. In addition, exogenous ceramide 
or DHC, which are just downstream of PHS, were incapable 
of activating the ERSU pathway, limiting the potential ERSU- 
relevant bioactive sphingolipids to PHS.

Sphingolipids and their metabolites are known to influ-
ence the mammalian cell cycle (Gable et al., 2002; Schuck et 
al., 2009), but the precise mechanism remains unclear. Sphin-
golipids activate ERK1/2, a mammalian homologue of the yeast 
kinase SLT2 (Chang and Karin, 2001). Although it is not clear 
whether mammalian cells possess an ERSU-like pathway, it 
is interesting to speculate that changes in sphingolipid levels 
may also ensure proper inheritance of a functional ER during 
the mammalian cell cycle. In mammalian cells, asymmetric di-
vision and thus, asymmetric apportioning of the ER occurs in 
certain settings, most notably during the division of stem cells. 
Therefore, an ERSU-like pathway may play a vital role in en-
suring proper segregation of the mammalian ER (and/or other 
organelles) between the self-renewing stem cell and the differ-
entiating daughter. Thus, PHS induction of the hallmarks of the 
yeast ERSU pathway lays the foundation to explore mamma-
lian stem cell division.

Materials and methods

Strains
The strains used in this study are listed in Table 1. The knockout strains 
were generated by standard PCR-based methods. Homologous recom-
bination of PCR fragments amplified from the genomic DNA of cor-
responding yeast knockout collection strains (or the preexisting orm1Δ 
strain; Breslow et al., 2010) was done by using primer pairs (Table 2). The 
orm1Δorm2Δ strain was generated by mating the single knockouts and 
dissecting the tetrads. The 4×UPRE-GFP strain was prepared by integrat-
ing StuI-linearized pRH1209 into the URA3 locus (Hampton et al., 1996). 
Cells were grown in yeast extract-peptone-dextrose (YPD) containing 
1 M sorbitol or synthetic complete media (SC) containing 1M sorbitol at 
30°C, unless otherwise noted. Log-phase cells were used for all analyses.

Drug treatment
Cells were treated with Tm (Calbiochem) at a final concentration of 
1 µg/ml at 30°C for 3 h to analyze cER inheritance and 2 h to analyze 
septin, unless otherwise noted. Using α-factor–synchronized cells, we 
have previously shown that cER inheritance and cytokinesis are effec-
tively blocked when Tm is added to small-budded cells before cER 
inheritance. If cells experience ER stress after cER stably enters into 
the daughter cell, such cells will divide once, and then cER inheritance 
and cytokinesis will be blocked in the next round of the cell cycle. A 
3-h treatment is sufficient to block ER inheritance in daughter cells, 
regardless of cell cycle stage (Piña and Niwa, 2015). Myriocin was 
stored as a stock 200-µM solution in methanol and used at 400 ng/ml. 
AbA was stored as a stock 2-mg/ml solution in DMSO and used at 50 
ng/ml. Myriocin was added to cells 30 min before Tm. AbA was added 
to the cells at the same time as Tm. PHS (Sigma), C2-DHC (Enzo Life 
Sciences), and C2-ceramide (Enzo life sciences) were stored as stock 
10-mM solutions in DMSO and used at 1, 5, and 20 µM. PHS-, DHC-, 
and ceramide-treated cells were grown in SC with 1 M sorbitol at 30°C.

Microscopy
An Axiovert 200M Micro-Imaging microscope (Carl Zeiss) with a 
100× 1.3 NA objective was used as described previously (Babour et 
al., 2010). To quantify ER inheritance, z-stack images with 300-nm 
intervals were taken, and each plane was examined for presence or ab-
sence of cER. Images of cER are z-stack projections after constrained 
iterative deconvolution.

Lipid analyses
For the TLC analyses, cells were grown to log phase in serine- and 
threonine-free SC. For labeling sphingolipids, [14C]serine (1 µCi/ml 
culture; PerkinElmer Life Sciences) was added at the same time as 
Tm or DMSO. Lipid extraction and TLC analyses were performed as 
described previously (Kihara et al., 2008). For quantification of cer-
amide, IPC, and MIPC, lipids were alkali-treated before TLC analy-
sis. M(IP)2C was analyzed without alkali pretreatment and desalting. 

Table 1.  Yeast strains

Name Genotype Reference

MNY1428 MATa, leu2-3,112, trp1-1, can1-100, ura3-1::HMG1​-GFP​:URA3, ade2-1, his3-11, bar1Δ::LEU2 This study
MNY1043 MATa, leu2-3,112, trp1-1, can1-100, ura3-1::HMG1​-GFP​:URA3, ade2-1, his3-11,15::UPRE​-lacZ​:HIS3, slt2Δ::KanMX Babour et al., 2010
MNY2076 MATa, leu2-3,112, trp1-1, can1-100, ura3-1::HMG1​-GFP​:URA3, ade2-1, his3-11, bar1Δ::LEU2, wsc1Δ::KanMX This study
MNY2099 MATa, leu2-3,112, trp1-1, SHS1​-GFP​:TRP1, can1-100, ura3-1, ade2-1, his3-11, bar1::LEU2, wsc1Δ::KanMX This study
MNY2100 MATa, leu2-3,112, trp1-1, SHS1​-GFP​:TRP1, can1-100, ura3-1, ade2-1, his3-11, bar1Δ::LEU2, This study
MNY2101 MATa, leu2-3,112, trp1-1, SHS1​-GFP​:TRP1, can1-100, ura3-1, ade2-1, his3-11, bar1Δ::LEU2, slt2Δ::KanMX This study
MNY2500 Mat alpha leu2-3, 112 trp1-1 can1-100 ura3-1::HMG1​-GFP​:URA3 ade2-1 his3-11, 15 This study
MNY2708 Mat alpha leu2-3, 112 trp1-1 can1-100 ura3-1::HMG1​-GFP​:URA3 ade2-1 his3-11, 15 orm2D::KanMX orm1::NatMX This study
MNY2712 Mat a leu2-3, 112 trp1-1 can1-100 Shs1-GFP::TRP1 ade2-1 his3-11, 15 orm2D::KanMX orm1::NatMX This study
MNY2434 MATa, leu2-3, 112, trp1-1, can1-100, ura3-1::UPRE-GFP::URA3, ade2-1, his3-11,15, bar1Δ::LEU2 This study

Table 2.  Primers

Name Sequence(5′–3′) Strain made by using 
the primers

OAB200 GAA​GGA​ACA​AGA​CTT​GCT​TGGC wsc1::KanMX
OAB201 TTT​TCT​CCG​CCT​TTC​CTC​TCTG

OFY264 TCA​GAT​GCA​GAT​ATT​TCA​GTGG orm1::NatMX
OFY265 GGT​TTA​GAA​GGT​GCA​TTA​ATA​TGG

OFY266 TCC​GCA​CGT​AGA​ATT​AGA​GAAT orm2::KanMX
OFY267 TTT​GAC​GTG​TAC​TCC​GAT​GTAA
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Signals on TLC plates were quantified by using a bioimaging analyzer 
BAS-2500 (Fuji Photo Film) and then detected by exposure to x-ray 
film by using a BioMax TranScreen LE intensifying screen (Kodak).

For mass spectrometry, lipids were extracted from yeast cells 
(5.0 A600 units) as described previously (Kihara et al., 2008; Ejsing et 
al., 2009; Breslow et al., 2010; Kondo et al., 2014) in the presence 
of d18​:1​-17​:0 ceramide as an internal standard. Lipid extracts were 
then desalted as follows. The dried lipid film was resuspended in 
200  µl water-saturated butanol, and 100  µl water was added and 
vortexed vigorously. After centrifugation at 9,100  g for 2 min, the 
top butanol phase was recovered. The aqueous phase was reextracted 
with 200 µl water-saturated butanol. The butanol phases were pooled 
together and dried. The dried lipid film was resuspended in 100  µl 
chloroform/methanol/H2O (5:4:1, vol/vol). Lipids were separated 
with reversed-phase ultra-performance liquid chromatography as 
described previously (Kihara et al., 2008; Ejsing et al., 2009; Breslow 
et al., 2010; Kondo et al., 2014) and analyzed by using electrospray 
ionization tandem triple quadruple mass spectrometry (Xevo TQ-S; 
Waters). Ceramide, IPC, and MIPC species with chain-lengths of 18 
and 26 for long-chain base and acyl-chain moiety, respectively, were 
detected by multiple reactions monitored by selecting the m/z of 
specific sphingolipid species at Q1 and the m/z 284.2 and m/z 282.2 for 
sphingolipids containing dihydrosphingosine and PHS, respectively, at 
Q3. The values were normalized with those of the internal standard.

Flow cytometry
UPR activation levels were analyzed by flow cytometry of cells car-
rying UPRE-GFP on incubation with Tm, as described previously 
(Bicknell et al., 2007).

Slt2 phosphorylation
Extraction and Western blot analyses to examine Slt2 phosphorylation 
were performed as described previously (Babour et al., 2010). Levels 
of phosphorylated Slt2 (P-Slt2) were quantitated based on loading 
control of PGK1 levels.

Online supplemental material
Fig. S1 shows representative images of cER (Hmg1-GFP) and septin 
(Shs1-GFP) in ER-stressed or unstressed WT cells treated with myrio-
cin or AbA. Fig. S2 shows representative images of cER and septin in 
ER-stressed and unstressed orm1Δorm2Δ cells. Fig. S3 shows cER and 
septin in WT cells treated with PHS.
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