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ABSTRACT Hereditary sensory and autonomic neuropathy (HSAN) types IA and IC (IA/C) are
caused by elevated levels of an atypical class of lipid named 1-deoxysphingolipid (DoxSL).
How elevated levels of DoxSL perturb the physiology of the cell and how the perturbations
lead to HSAN IA/C are largely unknown. In this study, we show that Cys-1-deoxydihydrocer-
amide (Cy4s-DoxDHCer) is highly toxic to the cell, while C;4- and C1g-DoxDHCer are less toxic.
Genome-wide genetic screens and lipidomics revealed the dynamics of DoxSL accumulation
and DoxSL species responsible for the toxicity over the course of DoxSL accumulation. More-
over, we show that disruption of F-actin organization, alteration of mitochondrial shape, and
accumulation of hydrophobic bodies by DoxSL are not sufficient to cause complete cellular
failure. We found that cell death coincides with collapsed ER membrane, although we cannot
rule out other possible causes of cell death. Thus, we have unraveled key principles of DoxSL
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cytotoxicity that may help to explain the clinical features of HSAN IA/C.

INTRODUCTION

Hereditary sensory and autonomic neuropathy (HSAN) types IA and
IC (A/C) are inherited diseases that mainly affect the sensory and
autonomic functions of the peripheral nervous system. The clinical
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hallmark of the diseases is loss of pain and temperature sensations
in the distal extremities. In some cases, it is accompanied by hypo-
hidrosis (diminished sweating) (Auer-Grumbach, 2008). In general,
the diseases have a late onset varying between the second and the
fifth decade of life (Auer-Grumbach, 2008), although cases with a
congenital or childhood onset have been reported (Houlden et al.,
2006; Suh et al., 2014). The progression of the diseases is usually
slow. As the diseases progress, the affected individuals often de-
velop complications, such as ulcerative mutilations; muscle wasting
and weakness; reduced motor functions; and spontaneous shoot-
ing, burning, and lancinating pains (Houlden et al., 2006; Auer-
Grumbach, 2008; Rotthier et al., 2010), leading to severe physical
disabilities.

HSAN IA/C are caused by autosomal dominant missense muta-
tions in two essential genes, SPTLCT and SPTLC2 (Rotthier et al.,
2012), respectively. The genes encode the two main subunits of ser-
ine palmitoyltransferase (SPT), which is the first enzyme regulating
the flux of lipids in the sphingolipid (SL) biosynthesis pathway. SPT
condenses palmitoyl-CoA with L-serine to produce a sphingoid
base, 3-ketosphinganine, which is rapidly reduced to sphinganine
(Sa). Sa can be acylated by ceramide (Cer) synthase to produce a Cer,
dihydroceramide (DHCer), which can be modified further to gener-
ate more complex SLs. Alternatively, Sa can be phosphorylated and
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FIGURE 1: Elevated levels of DoxSL are toxic to yeast. (A) Schematic effect of HSAN IA/C mutations on the substrate
promiscuity of SPT. The blue circles highlight the hydroxyl group that is missing in DoxSL. (B-D) Effect of sphingoid
bases on the growth of the indicated strains evaluated by a spot assay. Sa, sphinganine; DoxSa, 1-deoxysphinganine;
DoxmetSa, 1-deoxymethylsphinganine; DoxSB, 1-deoxysphingoid base; FA-CoA, fatty acyl-CoA; DHCer,
dihydroceramide; DoxDHCer, 1-deoxydihydroceramide; DoxmetDHCer, 1-deoxymethyldihydroceramide; DoxCer,

1-deoxyceramide.

then degraded. The latter route constitutes the SL degradation path-
way (Merrill, 2011; Megyeri et al., 2016) (Figure 1A).

SPT can also use L-alanine or glycine as a substrate, albeit at
much lower efficiency, to produce atypical sphingoid bases, 1-de-
oxysphinganine (DoxSa) or 1-deoxymethylsphinganine (DoxmetSa),
respectively. Similar to Sa, DoxSa, and DoxmetSa can also be acyl-
ated by Cer synthase to form atypical Cers, 1-deoxydihydrocer-
amide (DoxDHCer) and 1-deoxymethyldihydroceramide (Doxmet-
DHCer), respectively. Incontrasttothetypical SL, 1-deoxysphingolipid
(DoxSL) lacks a hydroxyl group at the first carbon. Since the hydroxyl
group is required for the synthesis of complex SLs and the degrada-
tion of SLs, DoxSL cannot progress in the pathway and tends to ac-
cumulate in the cell (Merrill, 2011). The mutations found in individu-
als with HSAN |A/C enhance the substrate promiscuity of SPT
toward L-alanine and glycine (Gable et al., 2010; Penno et al., 2010),
leading to increased synthesis and therefore accumulation of DoxSL,
leading to HSAN IA/C (Figure 1A). How elevated levels of DoxSL
perturb the physiology of the cell and how the perturbations lead to
disease progression are largely unknown.

Studies in various mammalian cells showed that elevated levels
of DoxSL perturb multiple components of the cell, including actin
stress fibers (Cuadros et al., 2000), mitochondria (Alecu et al., 2017;
Wilson et al., 2018), and lipid droplets (Marshall et al., 2014; Esaki
et al., 2015). However, to which extent the perturbations affect cell
viability is unknown. An inhibitor of Cer synthase, Fumonisin B1 al-
leviates the toxic effects of DoxSL (Sanchez et al., 2008; Zuellig
et al., 2014; Guntert et al., 2016). In addition, the levels of
Cy2_24-1-deoxyceramide (DoxCer) in blood plasma associate with
the incidence and severity of neuropathy caused by paclitaxel in
cancer chemotherapy (Kramer et al., 2015). These findings suggest
that different species of DoxCer have different degrees of toxicity.
Various pathways of DoxSL-induced cell death have been proposed,
including ER stress-induced cell death (Gable et al., 2010; Alecu
et al, 2017), aberrant Ca?* homeostasis-induced apoptosis
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(Wilson et al., 2018), noncanonical apoptosis (Salcedo et al., 2007),
and necrosis (Zuellig et al., 2014).

In this study, we sought a comprehensive understanding of the
cytotoxicity of DoxSL by genome-wide genetic screens and lipido-
mics. Given that elevated levels of DoxSL are toxic to various mam-
malian cells, worms (Hannich et al., 2017), fruit flies (Oswald et al.,
2015), mice (Eichler et al., 2009), and humans, we hypothesized that
elevated levels of DoxSL are toxic to all eukaryotic cells in a con-
served manner. Therefore, we used the budding yeast, Saccharomy-
ces cerevisiae (hereafter termed yeast), as a simple eukaryotic model
system to reveal the principles of DoxSL toxicity and the key DoxSL-
induced perturbations that lead to cell death. By making use of the
fatty acyl-CoA specificity of mammalian Cer synthase, we showed
that Cy4-DoxDHCer is more toxic than Cqg- or C1g-DoxDHCer. Ge-
nome-wide genetic screens and lipidomics revealed the dynamics
of DoxSL accumulation and DoxSL species responsible for the toxic-
ity over the course of DoxSL accumulation. Furthermore, we showed
that DoxSa accumulation leads to depletion of major membrane
lipids. By standardizing the conditions of DoxSa treatment, we
showed that disruption of F-actin organization, alteration of mito-
chondrial shape, and accumulation of hydrophobic bodies by DoxSL
are not lethal under our conditions. We found that cell death coin-
cides with a collapsed ER membrane, although we cannot rule out
other possible causes of cell death. Thus, we have unraveled key
principles of DoxSL cytotoxicity that can provide insights into the
clinical features of HSAN IA/C.

RESULTS

Elevated levels of DoxSL are toxic to yeast

To test whether elevated levels of DoxSL are toxic to yeast, we com-
pared the effect of the typical sphingoid base, Sa, with that of
1-deoxysphingoid base (DoxSB) on cell growth by a spot assay. To
ensure that the formation of DoxCer from supplemented DoxSB is
not limited by the endogenous Cer synthase, we overexpressed the
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enzyme by integrating an additional copy of its gene with the con-
stitutively active strong promoter of glyceraldehyde-3-phosphate
dehydrogenase isozyme 3 (TDH3) into the yeast genome. Yeast Cer
synthase may be composed of a Lag1p or Lac1p homodimer or a
Lag1p-Laclp heterodimer. Each of these dimers contains at least
two copies of Lip1p, which is an essential protein required for the
activity of yeast Cer synthase (Vallee and Riezman, 2005). Therefore,
we also overexpressed LIPT in the same way.

The assay showed that Sa did not inhibit cell growth regardless
of Cer synthase overexpression up to 200 uM (Figure 1B). In contrast
to Sa, DoxSa was sufficient to strongly inhibit the growth of the
strain overexpressing LACT LIPT (Figure 1C) at 20 pM. Similarly,
DoxmetSa was also sufficient to inhibit the growth of the same strain
at the same concentration, albeit to a lesser degree (Figure 1D). This
result demonstrates that DoxSB is much more toxic than the typical
sphingoid base and suggests that elevated levels of DoxCer are
also toxic to yeast.

At the same concentration, however, DoxSa or DoxmetSa did
not inhibit the growth of the strain overexpressing LAG1 LIP1. It is
possible that Lag1p is less abundant than Lac1p because the ex-
pression level of LACT is normally higher than that of LAGT
(Kolaczkowski et al., 2004) or that Lag1p is less efficient than Lac1p
in converting DoxSB to DoxCer. The latter explanation is consistent
with the recent finding that Lag1p prefers phytosphingosine to Sa as
a substrate (Megyeri et al., 2019) and therefore is expected to have
reduced activity toward DoxSa or DoxmetSa.

C,¢-DoxDHCer is more toxic than Cq4- or C1g-DoxDHCer

To evaluate the toxicity of DoxCer species differing in the length of
their acyl chain, we made use of the fatty acyl-CoA specificity of
mammalian Cer synthase. There are six Cer synthases (CerS1-6) in
mammals. Each enzyme uses specific fatty acyl-CoA species to pro-
duce corresponding Cer species (Levy and Futerman, 2010) (Figure
2A). We expressed individual mammalian Cer synthases in yeast to
confer on yeast an ability to convert supplemented DoxSB to differ-
ent DoxCer species. The enzymes were expressed by integrating
their genes with the TDH3 promoter into the yeast genome. Each of

the expressed enzymes was able to support growth when the genes
of yeast Cer synthase were deleted (Alag? Alac1), demonstrating
that they all are functional in yeast (Supplemental Figure S1A). We
then subjected the strains expressing mammalian Cer synthases in
addition to the endogenous ones to a spot assay.

The assay showed that Sa at 200 pM did not inhibit the growth
of WT and the strains expressing CerS1, 2, 3, or 4 and mildly inhib-
ited the growth of the strains expressing CerS5 or 6 (Figure 2B). In
contrast to Sa, DoxSa at 5 uM was sufficient to strongly inhibit the
growth of the strain expressing CerS3. At 10 pM, DoxSa strongly
inhibited the growth of the strains expressing CerS3, 5, or 6, but did
not inhibit the growth of WT nor the strains expressing CerS1, 2, or
4 (Figure 2C). This result suggests that the toxicity of DoxDHCer
depends on the length of its acyl chain. In contrast to DoxSa, Dox-
metSa at 40 uM strongly inhibited the growth of WT and all strains
to the same degree (Figure 2D). This result suggests either that
mammalian Cer synthase expressed in yeast cannot convert Dox-
metSa to DoxmetDHCer or that DoxmetSa is toxic on its own.
Therefore, we cannot evaluate the toxicity of different DoxmetDH-
Cer species.

To determine the species and the levels of accumulated DoxDH-
Cer in cells for a given concentration of DoxSa, we treated the
strains with DoxSa in a liquid medium at a nontoxic condition (low
DoxSa concentration, high cell density, one yeast generation time)
and then measured the levels of SL in the cells by mass spectrome-
try (MS). A nontoxic condition was chosen to ensure that the cells
were not saturated with DoxDHCer, therefore allowing comparison
between the levels of accumulated DoxDHCer in different strains.
The MS analysis showed that DoxSa had a minor effect on the levels
of typical SL (Supplemental Figure S1, B-H), demonstrating that the
treatment condition is not toxic to the cells. The analysis also showed
that following the DoxSa treatment, the strain expressing CerS3
mainly accumulated Cys-DoxDHCer. Interestingly, the level of Cyg-
DoxDHCer in the strain was much higher than that in WT, indicating
that the mammalian CerS3, which makes the same DHCer species
as the yeast Cer synthase, is more efficient in producing Cys-DoxD-
HCer than the yeast enzyme. Moreover, the level of Cy4-DoxDHCer
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FIGURE 2: Cys-DoxDHCer is more toxic than Cy¢- or C1g-DoxDHCer. (A) Schematic representation of the fatty acyl-CoA
specificity of mammalian Cer synthase. The red numbers indicate the major species of fatty acyl-CoA and Cer.

(B-D) Effect of sphingoid bases on the growth of the indicated strains evaluated by a spot assay. (E) Levels of
DoxDHCer species in the indicated strains without or with a nontoxic DoxSa treatment (2 M of DoxSa, 20 million
cells/ml, 1.5 h) determined by MS. The red dashed line indicates the level of Cys-DoxDHCer in the CerS3 strain following
the treatment; n= 3.
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were revealed by the two genetic screens. There is no GO enrichment in each set of genes.

in the strain was lower than those of Cq4-DoxDHCer in the strains
expressing CerS5 or 6 and those of Cyg-DoxDHCer in the strains
expressing CerS1 or 4 (Figure 2E). Nevertheless, the strain express-
ing CerS3 was the strain most sensitive to DoxSa (Figure 2C). These
results strongly indicate that Cy4-DoxDHCer is more toxic than Cqg-
or Cyg-DoxDHCer.

Genome-wide genetic screen of knockout and hypomorphic
(DAmMP) mutants

To gain insights into the mechanism of action (MoA) of DoxSL, we
performed a genome-wide genetic screen for gene products whose
absence or deficiency renders the cell hypersensitive or resistant to
DoxSL. We decided to focus on DoxSa and DoxDHCer for two rea-
sons. First, we have more information about the effect of acyl chain
length on the toxicity of DoxDHCer than that of DoxmetDHCer. Sec-
ond, we could minimize the amount of DoxSa consumed for the
screen by using the strain expressing CerS3, which is the strain most
sensitive to DoxSa, as a background strain. The screen was per
formed by first introducing CerS3 into every single yeast strain in the
knockout or DAmP allele library using automated approaches (Tong
and Boone, 2006; Cohen and Schuldiner, 2011). Then, the resulting
library, in which each strain expressed CerS3 and had one mutant
allele, was replica plated onto an agar medium supplemented with
different concentrations of DoxSa. Two concentrations were chosen,
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such that hypersensitive or resistant mutants were revealed promi-
nently at the lower or the higher concentration, respectively. Colony
size was scored as a measure of fitness of the mutants (Figure 3A).

The library covered 79.5% of nonessential genes and 68.8% of
essential genes (Supplemental Figure S2A). Quality control assess-
ments revealed that the extents of biases and technical variabilities
in the screen were below our tolerance limits (Supplemental Figure
S2, B-F). The screen revealed that deletion of genes that are re-
quired for efficient import of sphingoid base (Afaa1) or synthesis of
very long-chain fatty acyl-CoA (Aelo3, AfatT) rendered the cell resis-
tant to DoxSa (Figure 3B). Since efficient synthesis of Cys-DoxDH-
Cer from DoxSa requires the two processes, this finding validates
that changes in fitness of the mutants in the screen were mainly due
to the high toxicity of Cpg-DoxDHCer.

Gene ontology (GO) enrichment analysis of resistant genes (de-
fined as genes whose Z-score of colony size ratio > 3, Z-score of
solvent-treated colony size > -3.5, CV of colony size ratio < the 50%
percentile) using the GOrilla tool (Eden et al., 2007, 2009) showed
that there is no enrichment of particular molecular functions, cellular
components, or biological processes. Moreover, physical and ge-
netic-interaction density analysis (Dittmar et al., 2013) was unable to
reveal groups of functionally related hypersensitive or resistant
genes. In addition, examination of individual hypersensitive or resis-
tant genes failed to reveal a clear hypothesis of the MoA of DoxSL.
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During the examination of individual genes, we found that the iden-
tities of about 10% of the mutants in the library could not be con-
firmed by colony PCR. Furthermore, several freshly generated mu-
tants failed to show the same responses to DoxSa as those indicated
by the result of the screen. These findings raised a concern that the
mutants in the library had accumulated too many suppressors, thus
preventing us from obtaining insights into the MoA of DoxSL.

Genome-wide genetic screen of transposon-insertion
mutants (SATAY)

To ensure that we did not miss key gene products involved in the
MoA of DoxSL, we decided to perform another genome-wide ge-
netic screen with an independent method in which the library is
freshly-generated. The method is termed SAturated Transposon
Analysis in Yeast (SATAY) (Michel et al., 2017). The screen was per-
formed by first inducing random insertion of a transposon from a
plasmid into the genome of the CerS3 strain. The mutagenesis was
performed in a large number of cells to generate a saturated trans-
poson-insertion library. Then, the library was divided and subjected
to a two-round treatment with DoxSa at different concentrations.
Two concentrations were chosen for the same purpose as that in the
screen of knockout and DAmMP mutants. The number of deep se-
quencing reads was used as a measure of fitness of the mutants
(Figure 3C).

The transposon insertion mutated 91.5% of nonessential genes
and 52.5% of essential genes (Supplemental Figure S3A). The num-
ber of transposon insertion sites of most genes remained unchanged
following DoxSa treatment at the lower concentration (Supplemen-
tal Figure S3B), suggesting that the complexity of the library was
maintained during the screening procedure and that technical vari-
abilities had little impact on the result of the screen. The screen re-
vealed that disruption of genes that are required for synthesis of very
long-chain fatty acyl-CoA and its presentation to the Cer synthase
(Afat1, Aacb1, Aelo2) rendered the cell resistant to DoxSa (Figure
3D). This finding validates that changes in fitness of the mutants in
the screen were mainly due to the high toxicity of Cpe-DoxDHCer.

We performed various data analyses ranging from enrichment
analyses to examination of individual transposon insertion sites. Fur-
thermore, we scrutinized genes that were in the bottom or top 200
of the fitness ranks and that were revealed by the two genetic
screens (Figure 3, E and F). However, once again, we were unable to
formulate a clear hypothesis of the MoA of DoxSL. To allow inde-
pendent analyses of the data sets by others, all primary data are

A

published here (Supplemental Tables S1 and S2). It is possible that
the MoA cannot be revealed by genetic screens in which gene
products are deleted, disrupted, or reduced. Therefore, we per-
formed a multicopy suppressor screen for gene products whose
overproduction alleviates the toxicity of DoxSL. In this screen, the
CerS3 strain was transformed with a pool of plasmids, each of which
carried four to five genes and the 2-micron sequence that maintains
a high copy number of the plasmid in the cell. Then, the transformed
cells were subjected to a three-round treatment with DoxSa at dif-
ferent concentrations. We found that cultures treated with high con-
centrations of DoxSa did not gain noticeable density after the sec-
ond and the third round of treatment (unpublished data). Considering
that the plasmid library covers 97.2% of the yeast genome with 5.4-
fold depth of coverage (Jones et al., 2008) and that the transformed
cells covered the plasmid library with 15.9-fold depth of coverage,
this finding suggests that there is no single gene whose overexpres-
sion is capable of alleviating the toxicity of DoxSL.

Given the results of the three genetic screens, we hypothesized
two possibilities of the MoA of DoxSL. 1) DoxSL inhibits an essential
multisubunit protein complex and the inhibition cannot be sup-
pressed by deletion or overproduction of another protein. 2) DoxSL
inhibits multiple proteins and pathways, such that perturbing any
single one does not reveal the full MoA. This inhibition could be
achieved directly or indirectly, such as by affecting the physical
properties of cellular membranes.

The dynamics of DoxSL species responsible for the toxicity
over the course of DoxSL accumulation
To gain more insights into the toxicity of DoxSL, we subjected the
deletion mutants of the resistant genes required for efficient import
of sphingoid base or synthesis of very long-chain fatty acyl-CoA,
along with those of two resistant genes, CKAZ2 (encoding alpha cata-
lytic subunit of casein kinase 2) and SAP190 (encoding a component
of type 2A-related serine-threonine phosphatase SIT4) to a spot as-
say and to MS analysis following the nontoxic DoxSa treatment.
The assay showed that all mutants were more resistant, to differ-
ent degrees, to DoxSa at 5 uM than the parent strain (the CerS3
strain) (Figure 4A). The MS analysis showed that all mutants accumu-
lated less Cp4-DoxDHCer than the CerS3 strain following the DoxSa
treatment (Figure 4B). It also showed that C,4-DoxDHCer was the
only DoxDHCer species whose accumulation levels in all mutants
were lower than that in the CerS3 strain (Supplemental Figure S4,
A-F). Therefore, the degrees of resistance of the mutants could be
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FIGURE 4: The dynamics of DoxSL species responsible for the toxicity over the course of DoxSL accumulation.

(A) Effect of DoxSa on the growth of the indicated strains evaluated by a spot assay. (B, C) Levels of Cys-DoxDHCer
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attributed to their ability to suppress the accumulation of Cys-Dox-
DHCer. However, the degree of resistance and the ability to sup-
press the accumulation of Cys-DoxDHCer of the mutants did not
correlate perfectly, suggesting that Cys-DoxDHCer was not the only
toxic DoxSL species. This became more apparent at a higher con-
centration of DoxSa. The degrees of resistance of the mutants at 10
pM of DoxSa (Figure 4A) could not be explained by their ability to
suppress the accumulation of Cys-DoxDHCer (Figure 4B). Instead,
they could be better explained by their ability to suppress the ac-
cumulation of all DoxDHCer species, albeit imperfectly (Figure 4C).

The results indicate that the toxicity of DoxSL is the summed
toxicity of DoxSa and individual DoxDHCer species. The results also
show that the DoxSL species responsible for the toxicity varies de-
pending on the amount of DoxSL that accumulates. When DoxSL is
present at low levels, its toxic effects are mainly caused by the most
toxic DoxDHCer species (C26-DoxDHCer). When DoxSL is present
at high levels, its toxic effects cannot be attributed to one main spe-
cies as the toxic effects of DoxSa and the other DoxDHCer species
become more evident.

Standardizing conditions of DoxSa treatment for
phenotypic characterization

To gain more insights into the toxicity of DoxSL, we characterized
the phenotypes of DoxSL toxicity. To this end, we first standardized
conditions of DoxSa treatment by testing the effect of various con-
centrations of DoxSa, durations of DoxSa treatment, and cell densi-
ties on cell viability. We aimed to obtain a range of DoxSa concen-
trations that gives a wide range of cell viabilities after one yeast
generation time (1.5 h). One generation time was chosen to maxi-
mize the effects of DoxSL while minimizing the compounding ef-
fects of intergeneration events and the depletion of DoxSa from the
medium. We treated cells at low cell densities to maximize their
sensitivity to DoxSL. Following a treatment, cells were washed and
spotted on an agar medium to assay their ability to recover. We
found that treating WT and the CerS3 strain with DoxSa at concen-
trations of 0, 2, 4, and 6 pM for 1.5 h, at a cell density of 1 million
cells/ml gave a wide range of cell viabilities (Figure 5A). Therefore,
we used these conditions of DoxSa treatment for the phenotypic
characterization.

Disruption of F-actin organization is not sufficient to cause
cell death

DoxSa treatment was shown to reduce the presence of actin stress
fibers in a mammalian cell line (Cuadros et al., 2000). To test whether
DoxSa treatment also disrupts F-actin organization in yeast, we per-
formed confocal microscopy using phalloidin-Atto488 as a stain for
F-actin. The microscopy showed that 4 uM of DoxSa for 1.5 h was
sufficient to depolarize actin patches and markedly reduce the pres-
ence of actin cables and actin patches in WT. Moreover, it induced
the formation of multiple micron-sized round bodies that could be
stained with phalloidin-Atto488. The microscopy also showed that a
lower concentration (2 uM of DoxSa) for 1.5 h gave the same phe-
notype in the CerS3 strain, albeit to a lesser degree (Figure 5, B and
F). This result shows that DoxSa treatment disrupts F-actin organiza-
tion in yeast. However, 4 uM of DoxSa for 1.5 h was not sufficient to
block the recovery of WT cells (Figure 5A), demonstrating that the
phenotype is not sufficient to cause cell death.

Alteration of mitochondrial shape is not sufficient to cause
cell death

DoxSa treatment was shown to induce mitochondrial fragmenta-
tion, induce the loss of mitochondrial cristae, reduce respiration,
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and reduce ATP production in a mammalian cell line (Alecu et al.,
2017). To test whether DoxSa treatment also perturbs mitochon-
dria in yeast, we performed confocal microscopy of strains ex-
pressing mCherry tagged-mitochondrial malate dehydrogenase
(MDH1-mCherry). The microscopy showed that 4 uM of DoxSa
for 1.5 h was sufficient to fragment mitochondria and alter the
shape of mitochondria from tubular to spherical without affecting
their inheritance from the mother cell to the bud in WT. The mi-
croscopy also showed that 2 uM of DoxSa for 1.5 h gave the
same phenotype in the CerS3 strain, albeit to a lesser degree
(Figure 5, C and G). This result shows that DoxSa treatment per-
turbs mitochondria in yeast. However, 4 yM of DoxSa for 1.5 h
was not sufficient to prevent the recovery of WT cells (Figure 5A),
demonstrating that the phenotype is not sufficient to cause cell
death. Although the mitochondrial phenotype was dramatic,
depletion of oxygen, nonfermentable carbon sources, or dele-
tion of mitochondrial DNA did not modulate the sensitivity of WT
and the CerS3 strain to DoxSa (Supplemental Figure S5, A-F).
These results suggest that the phenotype is independent of mi-
tochondrial respiration.

Accumulation of hydrophobic bodies is not sufficient to
cause cell death

Mammalian cells lacking de novo biosynthesis of L-serine and
HSAN |A patient-derived lymphoblasts were shown to have more
lipid droplets than normal cells (Marshall et al., 2014; Esaki et al.,
2015). To test whether DoxSa treatment also enhances the forma-
tion of lipid droplets in yeast, we performed confocal microscopy
using a hydrophobic dye, Nile Red. The microscopy showed that
4 uM of DoxSa for 1.5 h was sufficient to markedly induce the
formation of Nile Red-stained structures whose sizes, shapes, sub-
cellular locations, and sharpness of the boundaries are distinct
from those of lipid droplets (Figure 5D). The structures could also
be observed in a quadruple mutant lacking the abilities to synthe-
size triglycerides and sterol esters (Aare1 Aare2 AdgaT Alro1) fol-
lowing DoxSa treatment (Supplemental Figure S6, A and B), dem-
onstrating that the formation of the structures is independent of
neutral lipids and that they are not the canonical lipid droplets.
Therefore, we call the structures “hydrophobic bodies.” The mi-
croscopy also showed that 2 pM of DoxSa for 1.5 h gave the same
phenotype in the CerS3 strain, albeit to a lesser degree (Figure 5,
D and H). These results show that DoxSa treatment induces the
formation of hydrophobic bodies in yeast. However, 4 uM of
DoxSa for 1.5 h was not sufficient to prevent recovery of WT cells
(Figure 5A), demonstrating that the phenotype is not sufficient to
cause cell death.

Collapsed ER membrane coincides with cell death

Since the conversion of DoxSa to DoxDHCer presumably occurs at
the ER membrane, where Cer synthase resides (Barz and Walter,
1999; Vallee and Riezman, 2005), we tested the effect of DoxSa
treatment on the ER membrane by confocal microscopy of strains
expressing GFP tagged-translocon (SEC61-GFP). The microscopy
showed that 6 uM of DoxSa for 1.5 h was required to markedly col-
lapse the cortical ER in WT. The microscopy also showed that 4 yM
of DoxSa for 1.5 h was sufficient to induce more severe collapsed
cortical ER in the CerS3 strain (Figure 5, E and I). This result shows
that DoxSa treatment causes the ER membrane to collapse in yeast.
In contrast to the other phenotypes, marked collapse of the cortical
ER correlated with a marked reduction of cell viability (Figure 5, A
and E), demonstrating that collapsed ER membrane coincides with
cell death.
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We also tested the effects of DoxSa treatment on the nuclear
envelope, the vacuolar membrane, the peroxisomal membrane,
and the plasma membrane by confocal microscopy. However, we
could not observe apparent morphological changes of the mem-
branes (unpublished data), indicating that different cellular mem-
branes are affected by elevated levels of DoxSL to different
degrees.
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DoxSa accumulation leads to depletion of major membrane

lipids

To gain more insights into the toxicity of DoxSL, we performed
lipidomics of WT and the CerS3 strain following the same DoxSa
treatments as those for the phenotypic characterization by MS. The
lipidomics showed that increased concentrations of DoxSa were
accompanied by decreased levels of major membrane lipids in both
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FIGURE 6: DoxSa accumulation leads to depletion of major membrane lipids. Levels of different categories of
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WT and the CerS3 strain. The lipids were five classes of glycero-
phospholipid (PC, PI, PS, PE, and CL) (Figure 6, A-E) and two classes
of complex SLs (IPC and MIPC) (Figure 6, G and H). In contrast, in-
creased concentrations of DoxSa were accompanied by increased
levels of a SL intermediate, Cer (Figure 6F). Compared to those of
other lipid classes, the levels of a class of complex SL, M(IP),C were
the least affected by increased concentrations of DoxSa (Figure 6él).
Given that the degrees of depletion of the major membrane lipids
in WT were comparable to those in the CerS3 strain, this result sug-
gests that DoxSa, not DoxDHCer, accumulation leads to depletion
of major membrane lipids.

The dynamics of DoxSL accumulation: the rate of DoxSa
accumulation determines the level of DoxDHCer
accumulation

The lipidomics also showed that increased concentrations of DoxSa
were accompanied by increased levels of Cps-DoxDHCer and total
DoxDHCer in the CerS3 strain and, to lesser degrees, in WT. In the
CerS3 strain, we uncovered an unexpected phenomenon in which 2
uM of DoxSa resulted in higher levels of Cys-DoxDHCer and total
DoxDHCer than 4 or 6 uM of DoxSa (Figure 7, A and B). A time-
course lipid analysis by MS following a DoxSa treatment at 6 pM for
up to 3 h showed that the longer the DoxSa treatment, the higher
the levels of Cy4-DoxDHCer and total DoxDHCer (Figure 7, C and
D), demonstrating that the phenomenon is not due to postcell
death events. In addition, deletion of ceramidase (Aypc1 Aydc1) did
not modulate the sensitivity of the CerS3 strain to DoxSa (Figure 7E),
demonstrating that the phenomenon is ceramidase-independent.
The phenomenon suggests the dynamics of DoxSL accumulation—
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that is to say, the rate of DoxSa accumulation determines the level
of DoxDHCer accumulation. When the rates of DoxSa accumulation
are high, the toxic effects of DoxSa rapidly manifest, thereby hinder-
ing further synthesis and accumulation of DoxDHCer. When the
rates of DoxSa accumulation are low, the toxic effects of DoxSa
never or slowly manifest, thereby allowing continuous or prolonged
synthesis and accumulation of DoxDHCer. Since CerS3 allows effi-
cient conversion of DoxSa to DoxDHCer, the phenomenon is more
apparent in the CerS3 strain.

Model of the cytotoxicity of DoxSL

Since the phenotypes in the CerS3 strain were more severe than
those in WT following a given DoxSa treatment (Figure 5, B-l), the
phenotypes could not be fully attributed to elevated levels of DoxSa
and depletion of major membrane lipids (Figure 6, A-l). Also, since
the levels of accumulated DoxDHCer did not fully correlate with the
severity of the phenotypes (Figures 5, B-l, and 7, A and B), the
phenotypes could not be fully attributed to elevated levels of Dox-
DHCer either. Therefore, the phenotypes must be caused by ele-
vated levels of both DoxSa and DoxDHCer. Furthermore, deletion
of the ER-to-plasma membrane tethers was shown to cause a simi-
larly collapsed ER membrane phenotype without causing cell death
in yeast (Manford et al., 2012). Therefore, it is likely that in this case
as well, the collapsed ER membrane is not sufficient to cause cell
death, although it coincides with cell death.

Collectively, our findings suggest the following model of the cy-
totoxicity of DoxSL. Elevated levels of both DoxSa and DoxDHCer
disrupt the organization of F-actin, alter the shape of mitochondria,
induce the formation of hydrophobic bodies, and cause the ER
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accumulation of DoxDHCer is independent of ceramidase.

membrane to collapse. The first three perturbations precede cell
death, indicating that they are not sufficient to cause complete cel-
lular failure. The last perturbation coincides with cell death, which
might suggest that it is one of the final perturbations in DoxSL-in-
duced cell death. Nevertheless, we cannot rule out other possible
causes of cell death (Figure 8). Considering that 1) DoxSa and indi-
vidual DoxDHCer species might have different mechanisms of ac-
tion and that 2) the perturbations are expected to negatively affect
multiple proteins and pathways, this model is more consistent with
our second hypothesis formulated from the results of the three ge-
netic screens.

DISCUSSION

In this study, we took comprehensive approaches to the cytotoxicity
of DoxSL. Gradual accumulation of DoxSL underlies late-onset
slowly progressing neurological diseases HSAN |IA/C. In addition,
elevated levels of DoxSL have been implicated in other diseases,
such as type 2 diabetes, diabetic sensory neuropathy, von Gierke
disease, and nonalcoholic hepatosteatosis (Lone et al., 2019).

disrupt the organization of F-actin

DoxSa /!
alter the shape of mitochondria
CerS \ /
Y induce the formation of hydrophobic bodies
DoxDHCer J

cause the ER membrane to collapse

FIGURE 8: Model of the cytotoxicity of DoxSL. Elevated levels of both DoxSa and DoxDHCer
disrupt the organization of F-actin, alter the shape of mitochondria, induce the formation of
hydrophobic bodies, and cause the ER membrane to collapse. The first three perturbations are
not sufficient to cause complete cellular failure. The last perturbation coincides with cell death.
This model is consistent with the hypothesis that DoxSL inhibits a multisubunit essential protein
affecting multiple pathways. Alternatively, DoxSL could inhibit multiple pathways, directly or
indirectly, such as by affecting the physical properties of cellular membranes.
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Therefore, unraveling the cytotoxicity of DoxSL is key to under-
standing the pathogenesis of HSAN IA/C and the roles of DoxSL in
the other diseases.

We found that Cy4-DoxDHCer is more toxic to the cell than Cy¢-
or Cqg-DoxDHCer. It is possible that Cps-DoxDHCer is the most
toxic DoxSL species. In humans, very long-chain (Cy,_2¢) Cers are
synthesized by CerS3, which is highly expressed in skin cells (Levy
and Futerman, 2010). Therefore, we hypothesize that 1) skin cells
should be directly affected by elevated levels of DoxSL and that 2)
unhealthy skin cells are contributors to the origin of this clinical hall-
mark and other clinical features of HSAN IA/C.

Our findings might provide explanations to key questions re-
garding the clinical hallmark of HSAN IA/C. 1) What causes loss of
pain and temperature sensation? A study in zebrafish showed that
epithelial damage precedes degeneration of sensory axons (Lisse
et al., 2016). This finding suggests that unhealthy skin cells might
lead to degeneration of sensory neurons innervating the skin.
2) Why are sensory functions more affected than motor functions?
Skeletal muscles mainly express CerS1 and 5, which produce C18-
and C16-DoxDHCer, respectively (Levy and
Futerman, 2010). Therefore, skeletal mus-
cles and neuromuscular junctions would be
less affected than skin cells and nociceptors
in the skin. Affected individuals might also
suffer from hypohidrosis (diminished sweat-
ing) (Auer-Grumbach, 2008) and recurrent
chronic skin ulcers that heal very slowly (up
to a year). Such ulcers might develop from
minor wounds that heal very slowly (Auer-
Grumbach, 2008) or without an apparent
cause (Denny-Brown, 1951). These clinical
features led us to hypothesize that un-
healthy skin cells might perturb adjacent
sweat glands and contribute to the ulcers.

Eight missense mutations in SPTLC1 and
six missense mutations in SPTLC2 have
been conclusively linked to HSAN IA/C,

precede
cell death

coincides with

- cell death
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respectively (Bode et al., 2016; Suriyanarayanan et al., 2016, 2019).
Different mutations increase the substrate promiscuity of SPT to-
ward L-alanine and glycine to different degrees, leading to different
accumulation rates of DoxSB (Bode et al., 2016). We found that low
accumulation rates of DoxSa allow slow accumulation of DoxDHCer
for long periods of time until DoxDHCer reaches its toxic level,
whereas high accumulation rates of DoxSa lead to brief periods of
DoxDHCer production as DoxSa rapidly reaches its toxic level. We
also found that the DoxDHCer species responsible for the toxicity of
DoxDHCer change over the course of its accumulation. The most
toxic species (Cy6-DoxDHCer) is mainly responsible for the toxicity
when the levels of DoxDHCer are low, whereas all species are re-
sponsible for the toxicity when the levels of DoxDHCer are high.
Since individual DoxSB and DoxCer species might have different
mechanisms of action, our findings suggest that 1) the mechanism
of cytotoxicity might vary in affected individuals with different
causing mutations and that 2) it might evolve over the course of the
development of the disease.

Finally, this study highlights the importance of acyl chain length
in the toxicity of DoxDHCer. Since individual DoxSB and DoxCer
species might have different mechanisms of action, further studies
should be focused on dissecting the toxicity of individual DoxSB
and DoxCer species.

MATERIALS AND METHODS
Yeast strains
The yeast strains used in this study are listed in Table 1.

Lipids

The lipids used were Sa (Avanti 860498), DoxSa (Avanti 860493),
and DoxmetSa (Avanti 860473). The lipids were dissolved in ethanol
and sonicated for 5 min using an ultrasonic bath to make stock solu-
tions. The solutions were stored at —20°C. Before use, the solutions
were brought to room temperature and sonicated for 5 min.

Spot assay

YPD agar supplemented with 10 mM of MES, 0.05% (vol/vol) of
Tergitol NP-40, and a lipid was prepared 2 d in advance. On the
spotting day, cells were suspended at a 10-fold serial dilution with
ODyggp of 1.5 at the highest in 200 pl of YPD liquid in a U-bottom
96-well plate. The cells were spotted on the agar medium using a
48-pin tool. The culture was incubated at 30°C for 2 d.

Lipidomics analysis

DoxSa treatment. Exponentially growing cells (ODggp of 1 or
20 million cells/ml for nontoxic DoxSa treatment, or OD¢qqg of 0.05
or 1 million cells/ml for the standardized DoxSa treatment) in YPD
liquid were treated with DoxSa at 30°C for the indicated durations.
Then, the metabolism of the cells was immediately quenched with
5% of ice-cold trichloroacetic acid.

Lipid extraction. Lipid extraction was performed as described be-
fore (da Silveira Dos Santos et al., 2014) with minor modifications.
Briefly, a mixture of lipid standards (7.5 nmol of 17:0/14:1 PC,
7.5 nmol of 17:0/14:1 PE, 6 nmol of 17:0/14:1 PI, 4 nmol of 17:0/14:1
PS, 1.2 nmol of C47- Cer, 1.2 nmol of C4,- DoxDHCer, and 2 nmol of
Cg-glucosylceramide) was added to 25 ODgqq values of cells. Then,
the cells were subjected to two rounds of lipid extraction with 1.5 ml
of extraction solvent (ethanol, water, diethyl ether, pyridine, 4.2 N of
ammonium hydroxide 15:15:5:1:0.018) and 250 pl of glass beads by
vigorous vortexing for 5 min followed by incubation at 60°C for
20 min. Cell debris was pelleted at 800 x g for 5 min, and the super-
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natant was collected. The combined supernatant was divided into
two equal aliquots for glycerolipid and SL analyses. Both aliquots
were dried with a stream of nitrogen. The SL aliquot was then
treated with 0.5 ml of monomethylamine reagent (methanol, water,
n-butanol, methylamine 4:3:1:5) at 53°C for 1 h and dried again.
Next, both dried aliquots were subjected to three rounds of desalt-
ing by resuspending them in 300 pl of water-saturated n-butanol
and 150 pl of water followed by centrifugation at 3200 x g for 10
min to induce phase separation. The upper phases were collected.
To start another round of desalting, the lower phase was mixed
again with 300 pl of water-saturated n-butanol. The combined up-
per phases were dried and stored at -80°C.

MS. The dried lipid extracts were dissolved in 500 pl of
chloroform:methanol (1:1). Each extract was diluted with
chloroform:methanol:water (2:7:1) or chloroform:methanol (1:2)
containing 5 mM of ammonium acetate for positive- or negative-
mode MS, respectively. Then, the samples were infused into a TSQ
Vantage mass spectrometer (ThermoFisher) using a Nanomate (Ad-
vion) with a gas pressure of 30 psi and a spray voltage of 1.2 kV for
multiple reaction monitoring analyses. The mass spectrometer was
operated with a spray voltage of 3.5 kV in positive mode and 3 kV in
negative mode. The capillary temperature was set to 190°C. Lipid
amounts were normalized by the amounts of inorganic phosphate
or ODgqg values of cells.

Genome-wide genetic screen of knockout and DAmP
mutants

Synthetic genetic array (SGA). The CerS3 strain (in yMS721
background) was used as a donor strain to introduce the gene into
every strain in the knockout or DAmP allele library (Giaever et al.,
2002; Breslow et al., 2008) by the SGA method (Tong and Boone,
2006; Cohen and Schuldiner, 2011). Briefly, the CerS3 strain was
pinned onto 1536-format arrays of mutant colonies on YPD agar
using a pinning robot (Singer Instruments) and incubated at room
temperature for 1 d to induce mating. Then, the cells were pinned
onto SD MSG agar-Ura + 200 mg/ml of G418 and incubated at
30°C for 1 d to select for diploid cells. The selection was repeated
once. Next, the cells were pinned onto SPO agar and incubated at
room temperature for 5 d to induce sporulation. The plates were
wrapped with a moist towel to prevent desiccation. Then, the cells
were pinned onto SD MSG agar-His/Lys/Arg/Ura + 50 mg/l of
canavanine + 50 mg/| of thialysine and incubated at 30°C for 2 d to
select for cells with the same mating type as that of the mutants.
Next, the cells were pinned onto SD MSG agar-His/Lys/Arg/Ura +
50 mg/I of canavanine + 50 mg/I of thialysine + 200 mg/ml of G418
and incubated at 30°C for 1 d to select for the mutants bearing
CerS3. The selection was repeated once. The library was maintained
on the same medium without G418.

DoxSa treatment and colony size measurement. The cells in the
library were pinned onto SD MSG agar-His/Lys/Arg/Ura + 50 mg/| of
canavanine + 50 mg/| of thialysine + 0.05% (vol/vol) of Tergitol NP-40
supplemented with DoxSa and incubated at 30°C for 1 d. Then, the
plates were scanned with a paper scanner (Hewlett Packard). The size
of colonies was determined with the “Balony” software (Young and
Loewen, 2013) by including the row-column correction.

Genome-wide genetic screen of transposon-insertion
mutants (SATAY)

Library generation. SATAY was performed as described before
(Michel et al., 2017) with minor modifications. Briefly, the SATAY
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No. Name Genotype Source
1 WT (yMS721) MATahis3A1 leu2A0 lys2+/lys+ met15A0 ura3A0 can1A::STEZ2pr-sp HIS5 Maya Schuldiner
lyp1A::STE3pr-LEU2

2  OELAGT yMS721 TDH3pr-LAG1-CYCTterm URA3 This study (RH8147)

3 OE LAC1 yMS721 TDH3pr-LAC1-CYCT1term URA3 This study (RH8148)

4 OE LIP1 yMS721 TDH3pr-LIP1-CYC1term URA3 This study (RH8149)

5  OELAGT LIP1 yMS721 TDH3pr-LAG1-CYC1termTDH3pr-LIP1-CYCTterm (tandem) URA3  This study (RH8150)

6 OE LAC1 LIP1 yMS721 TDH3pr-LAC1-CYC1termTDH3pr-LIP1-CYC1term (tandem) URA3  This study (RH8151)

7 CerS1 yMS721 TDH3pr-CERS1-CYC1term URA3 This study (RH8152)

8 CerS2 yMS721 TDH3pr-CERS2-CYC1term URA3 This study (RH8153)

9 CerS3 yMS721 TDH3pr-CERS3-CYCTterm URA3 This study (RH8154)

10 CerS4 yMS721 TDH3pr-CERS4-CYC1term URA3 This study (RH8155)

11 CerS5 yMS721 TDH3pr-CERS5-CYC1term URA3 This study (RH8156)

12 CerSé yMS721 TDH3pr-CERS6-CYCTterm URA3 This study (RH8157)

13 WT (BY4741) MATa his3A1 leu2A0 met15A0 ura3A0 Howard Riezman (RH8039)

14 KO and DAmP library ~ BY4741 KanMX4 Maya Schuldiner

15  SATAY CerS3 BY4741 TDH3pr-CERS3-CYCTterm KanMX6 ade2A::HIS3 This study (RH8158)

16 CerS3 BY4741 TDH3pr-CERS3-CYC1term URA3 This study (RH8159)

17  CerS3 Acka2 BY4741 CerS3 cka2A::LEU2 This study (RH8160)

18  CerS3 Asap190 BY4741 CerS3 sap190A::LEU2 This study (RH8161)

19  CerS3 Afat1 BY4741 CerS3 fat1A::LEU2 This study (RH8162)

20 CerS3 Aelo2 BY4741 CerS3 elo2A::LEU2 This study (RH8163)

21 CerS3 Aelo3 BY4741 CerS3 elo3A::LEU2 This study (RH8164)

22 CerS3 Aacb1 BY4741 CerS3 acb1A::LEU2 This study (RH8165)

23  CerS3 Afaal BY4741 CerS3 faalA::LEU2 This study (RH8166)

24 WT Mdh1p-mCherry BY4741 MDH1-mCherry KanMX4 This study (RH8167)

25 CerS3 Mdh1p-mCherry BY4741 CerS3 MDH1-mCherry KanMX4 This study (RH8168)

26 WT Sec61p-GFP BY4741 SEC61-GFP HIS3 This study (RH8169)

27  CerS3 Sec61p-GFP BY4741 CerS3 SEC61-GFP HIS3 This study (RH8170)

28 WT (HR2885) MAToaAhis3 Aleu2 Aura3 Alys2 Aade2 Atrp1 Abar1 Howard Riezman (RH2885)

29  AlagT Alac1 HR2885 lag1A::HIS3 lac1A::ADE2 Howard Riezman (RH7165)

30 AlagT AlacT CerS1 Alag1 Alac1 TDH3pr-CERS1-CYCTterm TRP1 Howard Riezman (RH7911)

31 AlagT Alact CerS2 Alag1 Alac1 TDH3pr-CERS2-CYCT1term TRP1 Howard Riezman (RH7912)

32 Alag1 Alact CerS3 Alag1 Alac1 TDH3pr-CERS3-CYC1term TRP1 Howard Riezman (RH7913)

33 AlagT Alac1 CerS4 Alag1 AlacT TDH3pr-CERS4-CYC1term TRP1 Howard Riezman (RH7914)

34 Alag1 Alac1 CerS5 Alag1 Alac1 TDH3pr-CERS5-CYCTterm TRP1 Howard Riezman (RH7915)

35 AlagT AlacT CerSé Alag1 Alac1 TDH3pr-CERS6-CYCT1term TRP1 Howard Riezman (RH7916)

36 WT rho? (p9) BY4741 rho® (p%) This study (RH8171)

37  CerS3 rhoO (p0) BY4741 CerS3 rho® (p9) This study (RH8172)

38 Quadruple mutant Aarel Aare2 Adga Alro1 Stephen Sturley (RH6106)
Barnard College,
Columbia University

39 Aypcl Aydc1 BY4741 ypc1A::KanMX6 ydc1A::HphMX4 pep4A::LEU2 This study (RH8173)

40  CerS3 Aypc1 Aydc1 BY4741 CerS3 ypc1A::KanMX6 ydc1A::HphMX4 pep4A::LEU2 This study (RH8174)

TABLE 1: Yeast strains used in this study.

CerS3 strain was transformed with pBK257 plasmid containing the
transposon. Freshly transformed cells were inoculated into 1 | of SC
liquid + 0.2% of glucose + 2% of raffinose-Ura at ODgqg of 0.15 and
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grown at 30°C until saturation (ODggg of 3-4). Then, the culture was
concentrated 10 times by centrifugation at 600 x g for 5 min to
obtain final ODgpp of 37. To induce transposition, the cells were
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plated using glass beads onto 433 8.5-cm Petri dishes of SC
agar + 2% of galactos-Ade and incubated at 30°C for 3 wk.
Contaminated plates were removed during the incubation time.
Next, colonies were scraped using a glass rod with minimum amounts
of SC liquid + 2% of glucose-Ade, pooled, inoculated into 1 | of SC
liquid + 2% of glucose-Ade at ODgpp of 0.125, and incubated at
30°C until ODggg of 0.5. The library was used immediately.

DoxSa treatment. The cells in the library were pelleted at 800 x g
for 5 min, inoculated into prewarmed 500 ml of SC liquid + 2% of
glucose-Ade supplemented with DoxSa at ODgqg of 0.1, and incu-
bated at 30°C until saturation. The treatment was repeated once.
Next, the cells were harvested by centrifugation at 2500 x g, 4°C, for
5 min and stored at -80°C.

DNA preparation. Genomic DNA of about 500 mg of cells was ex-
tracted by the phenol/chloroform extraction method. Next, 2 pg of
genomic DNA was digested with 50 U of Dpnll or Nlalll at 37°C for
24 h. The enzymes were then heat inactivated at 65°C for 20 min.
The DNA fragments were circularized with 25 Weiss U of T4 ligase at
22°C for 6 h. The circularized DNA molecules were precipitated with
0.3 M of sodium acetate, pH 5.2, 1 ml of ethanol, and 5 g linear
acrylamide (Ambion AM9520) at —20°C overnight. Then, DNA was
pelleted at 16,100 x g, 4°C, for 20 min, washed with 1 ml of 70%
ethanol, and dried at 37°C for 10 min. Next, transposon fragments
were amplified with Tag polymerase (New England Biolabs). The
PCR products were then purified with the PCR clean-up/gel extrac-
tion kit (Macherey-Nagel) according to the manufacturer’s instruc-
tion, with the following modifications. DNA was bound to the column
by centrifugation at 3000 x g for 30 s. Then, 30 pl of elution buffer
(10 mM Tris-HCI, pH 8.5, 0.1% [vol/vol] Tween 20) was applied to the
column, incubated for 3 min, and eluted by centrifugation at 11,000
x g, 20°C, for 1 min. The eluate was reapplied to the column and a
second elution was performed under the same conditions.

Deep sequencing. Equal amounts of DNA from Dpnll- and Nlalll-
digested samples were pooled and sequenced using MiSeq v3
chemistry, according to the manufacturer’s instruction.

Fluorescence microscopy

F-actin. Exponentially growing cells (ODggg of 0.05 or 1 million
cells/ml) in YPD liquid were treated with DoxSa and incubated at
30°C for 1.5 h. Next, the cells were fixed by directly adding
paraformaldehyde to the culture at a final concentration of 4%.
Then, 1 ODgqg value of cells were washed with 3 ml of washing
buffer (0.1 M of potassium phosphate, pH 7.5, 1.2 M of sorbitol),
stained with 50 pl of 1 pM of phalloidin-Atto488 (Sigma-Aldrich) at
4°C for 1 h in the dark, and observed by confocal microscopy. The
severity of the F-actin phenotype was measured as the area of
globular structures stained with phalloidin-Atto488.

Mitochondria. Exponentially growing cells expressing Mdh1p-
mCherry in YPD liquid were treated with DoxSa and incubated at
30°C for 1.5 h. Next, the cells were observed by confocal micros-
copy immediately without fixation. The severity of the mitochondria
phenotype was measured as the area of globular structures high-
lighted by Mdh1p-mCherry.

Hydrophobic bodies. Exponentially growing cells in YPD liquid
were treated with DoxSa and incubated at 30°C for 1.5 h. Next, the
cells were fixed by directly adding paraformaldehyde to the culture
at a final concentration of 4%. Then, 1 ODgqg value of cells were
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washed with 3 ml of the washing buffer, stained with 1 pl of T mg/ml
Nile Red at 4°C for 15 min in the dark, and observed by confocal
microscopy. The size of a hydrophobic body was measured as the
area of the structure stained with Nile Red.

The ER membrane. Exponentially growing cells expressing
Sec61p-GFP in YPD liquid were treated with DoxSa and incubated
at 30°C for 1.5 h. Next, the cells were observed by confocal micros-
copy immediately without fixation. The severity of the ER membrane
phenotype was measured as the circularity of the ER membrane.
The circularity of the ER membrane was calculated as 4n*area/
perimeter?. A value of 1.0 indicates a perfect circle. As the value ap-
proaches 0.0, it indicates an increasingly elongated shape.

Anaerobic culture

Cells were spotted onto an anaerobic (supplemented with 10 mg/I
of ergosterol and 420 mg/| of Tween 80) YPD, YPEG, or YPL agar
medium. The Petri dish was placed inside an airtight chamber (Ther-
moFisher) equipped with a pack of oxygen-consuming reagent
(ThermoFisher) and oxygen color indicators (ThermoFisher). The
chamber was closed immediately and incubated at 30°C for 3 d.

Generating rho® (p°) cells

Exponentially growing cells in SD liquid were treated with 25 pg/ml
of ethidium bromide from ODg¢qg of 0.1 until saturation (24 h). The
step was repeated twice.

Growth curve assay

Cells were suspended at ODgqg of 0.1 in 200 pl of YPD liquid in a
flat-bottom 96-well plate. The cover of the plate was replaced with
a gas permeable seal (4titude 4ti-0516-96). The culture was incu-
bated at 30°C with agitation for 24 h in a plate reader (Biotek Syn-
ergy H1) while ODgqq of the culture was recorded every 10 min.
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