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Summary
The Niemann-Pick type C is a rare metabolic disease with a severe neurodegenerative phenotype
characterized by an accumulation of high amounts of lipids (cholesterol and sphingolipids) in the
late endosomal/lysosomal network. It is caused by loss-of-function point mutations in either NPC1
or NPC2, which seem to mediate proper intracellular lipid transport through endocytic pathway. In
this study, we show that yeast cells lacking Ncr1p, an orthologue of mammalian NPC1, exhibited
a higher sensitivity to hydrogen peroxide and a shortened chronological lifespan. These
phenotypes were associated with increased levels of oxidative stress markers, decreased levels of
antioxidant defenses and mitochondrial dysfunctions. Moreover, we report that Ncr1p deficient
cells displayed high levels of long chain bases (LCB), and that Sch9p-phospho-T570 and Sch9p
levels increased in ncr1Δ cells through a mechanism regulated by Pkh1p, a LCB-activated protein
kinase. Notably, deletion of PKH1 or SCH9 suppressed ncr1Δ phenotypes but downregulation of
de novo sphingolipid biosynthesis had no protective effect, suggesting that LCBs accumulation
may result from an increased turnover of complex sphingolipids. These results suggest that
sphingolipid signaling through Pkh1p-Sch9p mediate mitochondrial dysfunction, oxidative stress
sensitivity and shortened chronological lifespan in the yeast model of Niemann-Pick type C
disease.
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Introduction
Niemann-Pick type C (NPC) disease is an autosomal recessive neurodegenerative disorder,
with cellular lipid trafficking defects, involving more specifically low-density-lipoprotein
derived cholesterol (Pentchev et al., 1994), and is characterized by progressive neurological
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deterioration with general symptoms of splenomegaly and dementia (Vanier, 2010). Besides
cholesterol sequestration, NPC cells can also accumulate other lipids such as gangliosides
and sphingolipids (Vanier, 1999) including sphingosine (Lloyd-Evans et al., 2008). NPC is
caused by loss-of-function point mutations in either NPC1 that accounts for 95 % of the
cases (Carstea et al., 1997) or NPC2 (Naureckiene et al., 2000). The NPC1 protein is a large
transmembrane protein that is located in the transient late endosome/lysosome system, while
NPC2 protein is a soluble glycoprotein with high affinity for cholesterol (Vanier & Millat,
2004, Ko et al., 2003). Both proteins seem to be involved in intracellular transport of
endocytosed cholesterol through the endolysosomal system (Kwon et al., 2009). Since the
deficiency in NPC1 or NPC2 results in similar phenotypes and cellular lesions (Walkley &
Suzuki, 2004, Sleat et al., 2004), it has been suggested that both proteins function
sequentially in the same pathway. However, the exact function of each protein and the
molecular mechanisms associated with NPC disease remain poorly characterized.

Several pieces of evidence suggest that oxidative stress is associated with NPC
pathophysiology (Vazquez et al., 2012). These include changes in the expression of
antioxidant defenses in NPC fibroblasts (Reddy et al., 2006), NPC hepatocytes (Vazquez et
al., 2011), and NPC1 cerebellum (Cologna et al., 2012), higher levels of reactive oxygen
species and accumulation of oxidized lipids (Zampieri et al., 2009) and proteins (Vazquez et
al., 2011). Oxidative stress is tightly linked to mitochondrial dysfunction, either because
mitochondria are a generator or a target of reactive oxygen species (ROS) (Murphy, 2009).
NPC cells present mitochondrial dysfunctions that have been associated with the
accumulation of cholesterol in mitochondria of NPC neurons and hepatocytes (Yu et al.,
2005, Ikonen & Holtta-Vuori, 2004, Charman et al., 2010). Changes in calcium homeostasis
may also contribute to mitochondrial dysfunctions, since NPC cells exhibit defects in
lysosomal Ca2+ uptake and NAADP-mediated lysosomal Ca2+ release (Lloyd-Evans &
Platt, 2011). It was recently shown that δ-tocopherol, a minor vitamin E species, reduces
cholesterol accumulation in NPC1 cells by enhancing lysosomal exocytosis associated with
an increase of intracellular calcium concentration and amelioration of lysosomal calcium
deficiency (Xu et al., 2012). Moreover, the accumulation of sphingomyelin in the lysosome
lumen inhibits TRPML1-mediated lysosomal Ca2+ release, blocking Ca2+-dependent
membrane trafficking (Shen et al., 2012).

NPC1 and NPC2 are conserved from yeast to humans (Berger et al., 2005b, Berger et al.,
2005a) and Saccharomyces cerevisiae has been used as a model system to study the cellular
and molecular consequences of NPC deficiency. There is 35 % amino acid sequence identity
between NPC1 and Ncr1p, and the expression of Ncr1p in NPC1 deficient cells suppresses
cholesterol and ganglioside accumulation (Malathi et al., 2004). Moreover, both proteins
reside in the membrane of the lysosomal (vacuolar in yeast)/endosomal systems (Zhang et
al., 2004, Berger et al., 2005a). A recent study identified 12 pathways and 13 genes required
for growth of Ncr1p deficient cells under anaerobiosis, a sterol auxotrophy condition, and
showed that histone deacetylase inhibition corrects for cholesterol and sphingolipid transport
defects in human NPC disease (Munkacsi et al., 2011). Thus, yeast is a powerful model
system that can be used to identify new targets for pharmacological intervention in NPC
disease. A large-scale comparison of yeast deletion strains also showed that NCR1 deleted
cells exhibit a shortened chronological lifespan (Laschober et al., 2010).

Sphingolipids are ubiquitous structural components of eukaryotic cell membranes and
function as signaling molecules for regulating proliferation, mitogenesis, cell migration,
apoptosis, cell senescence and inflammation (Hannun & Obeid, 2008). As mentioned above,
the accumulation of the long chain sphingoid base (LCB) sphingosine has been implicated in
NPC disease (Lloyd-Evans et al., 2008). In yeast, LCB activate the Pkh1/2p protein kinases,
homologues of mammalian phosphoinositide-dependent protein kinase 1 (PDK1), which
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then phosphorylate a T570 residue in the activation loop of Sch9p, a homologue of
mammalian ribosomal S6 kinase also related to mammalian Akt/protein kinase B (Roelants
et al., 2004, Liu et al., 2005, Voordeckers et al., 2011). In vitro studies suggest that Sch9p
also can be activated by PHS through a Pkh1p-independent mechanism (Liu et al., 2005).
Sch9p is also phosphorylated in the C terminus by the target of rapamycin complex 1
(TORC1; Urban et al., 2007). The Sch9p kinase is involved in modulation of mitochondrial
function (Lavoie & Whiteway, 2008, Pan & Shadel, 2009), entry and exit from stationary
phase (Pedruzzi et al., 2003, Martinez et al., 2004), nutrient changes adaptation (Roosen et
al., 2005), redox homeostasis and chronological lifespan (Fabrizio et al., 2001) although its
downstream effectors are not fully characterized.

In this study, we show that ncr1Δ cells exhibit mitochondrial fragmentation/dysfunction,
oxidative stress sensitivity and shortened CLS associated with the accumulation of LCBs.
Moreover, we report that sphingolipid signaling through Pkh1p-Sch9p contributes to ncr1Δ
phenotypes.

Results
ncr1Δ cells exhibit hydrogen peroxide sensitivity and shortened chronological lifespan
associated with oxidative stress markers

The yeast model of NPC disease was generated by deletion of NCR1 gene in the S.
cerevisiae BY4741 strain. Staining of yeast cells with filipin confirmed the accumulation of
high levels of intracellular ergosterol in ncr1Δ cells (Supplemental Fig. S1; Brett et al.,
2011), a cell membrane sterol found in fungi that serves the same functions as cholesterol in
mammalian cells. This is consistent with the hallmark of NPC disease, namely cholesterol
accumulation due to lipid trafficking defects (Pentchev et al., 1994).

Since oxidative stress has been associated with NPC pathophysiology (Vazquez et al.,
2012), we examined cellular viability, the accumulation of oxidative damages and
intracellular oxidation in S. cerevisiae BY4741 (parental strain) and ncr1Δ cells grown to
exponential phase and exposed to 1.5 mM H2O2 during 1 h. The results show that ncr1Δ
cells were significantly more sensitive to H2O2 than parental cells (Fig. 1A): 9% of ncr1Δ
cells remained viable whereas 24% of wild-type cells survived. In agreement, H2O2-induced
oxidative stress markers were significantly higher in ncr1Δ cells when compared to parental
cells: protein oxidation increased 7.5-fold in ncr1Δ cells and 4-fold in parental cells (Fig.
1B); lipid peroxidation increased 2.5-fold in ncr1Δ cells but no significant changes were
observed in parental cells (Fig. 1C); the % of ROS positive cells was 47% for ncr1Δ mutants
and 24% for the parental strain (Fig. 1D). Notably, basal ROS levels were 3.5-fold higher in
ncr1Δ cells when compared to parental cells. These results suggest that Ncr1p deficiency
confers a higher sensitivity to hydrogen peroxide associated with an increased accumulation
of oxidative stress markers.

Oxidative stress induced by endogenous factors, such as mitochondrial dysfunctions, has
been associated with the progressive loss of cellular functions and viability during aging
(Longo et al., 2012). Thus, we also investigated the effect of Ncr1p deficiency on yeast
chronological lifespan (CLS), which is assessed by following the survival of non-dividing
cells over time. This assay is a well-established cell model to study aging of post-mitotic
cells (Fabrizio & Longo, 2003). Yeast cells were grown to stationary phase and kept in the
growth medium over time. Cells lacking Ncr1p exhibited a shortened CLS, as shown by an
accelerated loss of viability (Fig. 2A): in cells aged for 2 and 4 days, the viability of ncr1Δ
mutants (55% and 13%, respectively) was significantly lower than that of parental cells
(>93%). The premature aging and oxidative stress sensitivity of cells lacking Ncr1p were
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also observed in the W303a strain background (Supplementary Fig. S2), suggesting that
ncr1Δ phenotypes are not strain specific.

The analysis of intracellular oxidation at post-diauxic shift phase (PDS; respiration-adapted
cells), using the molecular probe dihydrorhodamine 123 that becomes fluorescent upon
oxidation by hydrogen peroxide (Henderson & Chappell, 1993), shows that, compared with
parental cells, Ncr1p deficient cells accumulated higher levels of ROS (Fig. 2B).
Consistently, ncr1Δ mutant cells presented higher levels of protein carbonylation and lipid
peroxidation (Fig. 2C–D). Aiming to assess if the accumulation of oxidative damages in
Ncr1p deficient cells was correlated with defects in antioxidant defenses, we measured the
activity of superoxide dismutase and catalase, which have important roles in the elimination
of superoxide radicals and H2O2, respectively, as well as the levels of glutathione, a major
non enzymatic antioxidant defense (Farrugia & Balzan, 2012). The results show that,
although total superoxide dismutase (Sod) activity was similar in parental (BY4741) and
ncr1Δ cells (Fig. 3A), the activity of the mitochondrial Sod (Sod2p or Mn-Sod) was
significantly reduced in ncr1Δ cells (Fig. 3C). In addition, ncr1Δ cells presented lower levels
of cytosolic catalase T (Ctt1p) activity (Fig. 3B, D) and glutathione (Fig. 3E), which is
consistent with H2O2 accumulation in these mutants. It is well established that yeast are able
to sense reactive oxygen species and to activate transcription factors, including Yap1p,
Skn7p and Msn2/4p, that enhance the expression of genes associated with antioxidant
defenses (de la Torre-Ruiz et al., 2010). Thus, our results suggest that Ncr1p deficiency
seems to impair this adaptive response. Interestingly, the overexpression of SOD2 or CTT1
was not sufficient to increase chronological lifespan in ncr1Δ cells (Supplementary Fig. S4),
suggesting that the accumulation of oxidative damages is probably a consequence rather
than the cause for the premature aging of Ncr1p deficient cells.

ncr1Δ cells exhibit mitochondrial dysfunctions
The high levels of ROS and the lower activity of Sod2p displayed by ncr1Δ cells led us to
postulate that this mutant presents mitochondrial dysfunctions. To test this hypothesis, we
measured oxygen consumption, cytochrome c oxidase (COX) activity, porin levels and the
capacity of the cells to grow on a non-fermentable carbon source (glycerol), which requires
functional mitochondria. In parental cells, oxygen consumption rate increased during growth
from exponential to PDS phase (Fig. 4A), which is consistent with the catabolic
derepression and induction of mitochondrial activity associated with the transition from
fermentative to respiratory metabolism (Santangelo, 2006). The COX activity was very low
at the exponential phase (data not shown), being highly induced in PDS phase cells.
Notably, oxygen consumption rate and COX activity were significantly lower in Ncr1p
deficient cells (Fig. 4A–B) and these mutants were unable to grow on a non-fermentable
(respiratory) carbon source (Fig. 4D). The levels of porin, another mitochondrial protein,
decreased only 40% in ncr1Δ cells grown to PDS phase (Fig. 4C). These results suggest that
the very low activities of COX and Sod2p may result in part from a decreased mitochondrial
mass but also from the loss of function of these enzymes in ncr1Δ mutants. To get further
insights into changes in mitochondrial function, we assessed the mitochondrial membrane
potential (Δψm) by labeling parental and ncr1Δ cells with a mitochondria-specific voltage-
dependent dye, DiOC6(3), which aggregates and preferentially accumulates into functional
mitochondria. When the mitochondrial membrane depolarizes, the dye no longer
accumulates in mitochondria and becomes distributed throughout the cell, resulting in a
decrease in green fluorescence (Rottenberg & Wu, 1998). Our results show that cells lacking
Ncr1p presented a significant drop in Δψm (Fig. 4E), indicating an increase in mitochondrial
depolarization. The integrity of the mitochondrial network was also assessed by
fluorescence microscopy using cells expressing a mitochondria-targeted DsRed protein. The
parental cells grown to the PDS phase exhibited a normal mitochondrial tubular network.
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However, loss of Ncr1p led to the formation of a punctuate pattern indicative of
mitochondrial network fragmentation (Fig. 4F). The overall results suggest that ncr1Δ
mutant cells exhibit severe mitochondrial dysfunction after the PDS.

The Pkh1p-Sch9p pathway is involved in oxidative stress sensitivity, premature aging and
mitochondrial dysfunctions of ncr1Δ cells

Lloyd-Evans et al. showed that, in addition to cholesterol, NPC cells accumulate
sphingosine (Lloyd-Evans et al., 2008). This led us to postulate that similar changes in
sphingolipid species occur in Ncr1p deficient cells and that sphingolipid signaling probably
is associated with ncr1Δ phenotypes. We analyzed the levels of long chain sphingoid bases
(dihydrosphingosine (DHS), phytosphingosine (PHS) and their 1-phosphate forms) in
parental and ncr1Δ cells at the exponential (fermentative) and PDS (respiratory) phases (Fig.
5A–D).

The parental strain showed increasing levels of PHS (1.7-fold) and PHS-1-P (2.2-fold) in
cells grown from exponential to PDS phase, but DHS and DHS-1-P decreased 2.4- and 4.1-
fold, respectively. The deletion of NCR1 increased the basal levels of DHS-1-P (3.9-fold)
and PHS-1-P (2.6-fold) in exponential phase cells, leading to higher ratios of DHS-1-P/DHS
(3.1-fold) and PHS-1-P/PHS (1.8-fold). However, in the PDS phase, ncr1Δ cells exhibited
higher levels of DHS (2.6-fold) and PHS (1.9-fold) and a lower DHS-1-P/DHS ratio (1.8-
fold), compared with parental cells. This lipidomic analysis showed that the accumulation of
LCBs displayed by NPC cells (Lloyd-Evans et al., 2008) is conserved in yeast ncr1Δ cells.

LCBs are known activators of the Pkh1p and Pkh2p protein kinases (Liu et al., 2005) that
activate the Sch9p kinase by phosphorylating a T570 residue (Roelants et al., 2004,
Voordeckers et al., 2011). Thus, we postulated that accumulation of LCBs mediates ncr1Δ
phenotypes via modulation of a Pkh1p-Sch9p cascade. To characterize changes in this
pathway associated with NCR1 deletion, the phosphorylation of Sch9p-T570 was analyzed
by Western blotting. The ncr1Δ cells showed significantly higher levels of Sch9p-phospho-
T570 (1.9-fold), concomitantly with a proportional increase of Sch9p expression (2-fold)
(Fig. 6A). These results suggest that changes in Sch9p occur mainly at protein level.
Nevertheless, the increase in the levels of both Sch9p and Sch9p-phospho-T570 was
significantly attenuated in ncr1Δpkh1Δ double mutants indicating that it is mediated by
Pkh1p-dependent mechanisms.

Next, we assessed the effect of PKH1 and SCH9 disruption on ncr1Δ cells. The pkh1Δ and
sch9Δ cells exhibited a CLS and hydrogen peroxide resistance similar or slightly higher to
that of parental cells, respectively (Fig. 6B–C). Other groups reported that SCH9 deletion
significantly increases oxidative stress resistance and lifespan (Fabrizio et al., 2001) in
contrast with the very small protective effect observed in the present study. This probably
results from differences in the growth medium composition, in particular amino acid
concentration. Indeed, it was recently shown that sch9Δ mutants exhibit an increased
lifespan when cells are grown in media supplemented with a 3.5-fold excess of amino acids
but have even shorter lifespan than parental cells when they are grown in media with 0.5X
amino acids (Wu et al., 2013). Most importantly, the hydrogen peroxide sensitivity and
shortened CLS of ncr1Δ cells was suppressed when PKH1 or SCH9 were disrupted in ncr1Δ
cells (Fig. 6B–C). The defective cell growth on glycerol plates, decreased oxygen
consumption, mitochondrial depolarization and mitochondrial network fragmentation
displayed by ncr1Δ cells were also suppressed in both ncr1Δpkh1Δ and ncr1Δsch9Δ double
mutants (Fig. 7A–D).

It was recently shown that downregulation of sphingolipid synthesis with myriocin, an
inhibitor of serine palmitoyltransferase, increases yeast CLS in part due to a reduction of the
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Pkh1p-Sch9p activity (Huang et al., 2012). Thus, we also investigated the effect of myriocin
on the CLS of ncr1Δ cells. Our results show that myriocin increased the lifespan of parental
cells, but not of ncr1Δ mutants (Fig. 6D). This suggests that LCB accumulation may result
from an increased turnover of complex sphingolipids and not from de novo biosynthesis.
Nevertheless, the hypothesis that LCB-independent Sch9p functions also contribute to the
shortened CLS of ncr1Δ cells cannot be excluded.

SCH9 deletion attenuates changes in sphingolipid homeostasis of ncr1Δ cells
We also investigated if the suppression of ncr1Δ phenotypes upon SCH9 deletion was
associated with the modulation of sphingolipid homeostasis. Regarding LCBs (Fig. 5A–D),
sch9Δ single mutants did not exhibit major changes in either exponential or PDS phase.
However, the high levels of DHS and PHS exhibited by ncr1Δ cells grown to PDS phase
were suppressed in ncr1Δsch9Δ cells. The overall data suggests that Sch9p mediates changes
in sphingolipid metabolism associated with Ncr1p deficiency.

Discussion
The NPC disease represents the most common cause of childhood neurodegeneration. It has
been intensively studied in the last years, mostly because it shares key features with
emerging neurodegenerative disorders such as Alzheimer and Parkinson (Liu et al., 2010).
Therefore, it is hoped that a comprehensive characterization of the molecular basis of
lysosomal storage diseases will contribute to the understanding of the signaling pathways
and regulatory mechanisms underlying these diseases, therefore opening new avenues for
therapeutic interventions. The only therapeutic agent approved in Europe for NPC disease is
miglustat, a reversible inhibitor of glycosphingolipid synthesis (Wraith & Imrie, 2009),
which ameliorates some neurological symptoms (Pineda et al., 2010).

Yeast mutants lacking Ncr1p, the yeast orthologue of mammalian NPC1, have been used as
an important model system to elucidate molecular mechanisms underlying the
pathophysiology of NPC disease. Ncr1p is a vacuolar membrane protein that transits through
the biosynthetic vacuolar protein sorting pathway, but it does not have an essential role in
endocytic transport (Berger et al., 2005a, Zhang et al., 2004). Deletion of NCR1 leads to
resistance to the ether lipid cytotoxic drug, edelfosine, which is not suppressed in ncr1Δ
cells expressing Ncr1p carrying amino acid changes corresponding to human NPC1 patient
mutations (Berger et al., 2005a, Zhang et al., 2004). Munkacsi et al. have recently shown
that the deletion of components of the yeast NuA4 histone acetyltransferase complex in
ncr1Δ cells confers anaerobic inviability and accumulation of multiple sterol intermediates,
and that the inhibition of histone deacetylase corrects for cholesterol and sphingolipid
transport defects in human NPC disease (Munkacsi et al., 2011). In this report we show that
ncr1Δ cells were hypersensitive to oxidative stress induced by hydrogen peroxide, exhibiting
higher levels of oxidative stress markers, namely protein carbonylation, lipid peroxidation
and ROS. Similar features were observed in NPC1 cells (Zampieri et al., 2009) and in
hepatocytes of NPC mice (Vazquez et al., 2011).

Resistance to oxidative stress has been correlated with longevity in numerous eukaryotic
model systems, including yeast (Fabrizio & Longo, 2003, Pan, 2011). Our results show that
ncr1Δ cells also displayed a premature aging phenotype associated with prominent changes
in redox homeostasis and oxidative stress responses during the transition from fermentative
to respiratory metabolism. Indeed, ncr1Δ cells at the PDS phase exhibited higher levels of
intracellular ROS and of oxidized proteins and lipids. In addition, antioxidant defense
systems were significantly compromised in ncr1Δ cells, namely glutathione, a low
molecular weight non-protein thiol with a major role in the regulation of redox homeostasis
and ROS scavenging (Costa & Moradas-Ferreira, 2001), as well as the mitochondrial
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superoxide dismutase (Sod2p) and the cytosolic catalase T (Ctt1p) which catalyze the
dismutation of superoxide radicals into hydrogen peroxide and the decomposition of
hydrogen peroxide, respectively. The activity of Sod1p, the superoxide dismutase present in
the cytosol and in the mitochondrial intermembrane space, was not affected in ncr1Δ cells.
In contrast, it was recently shown that SOD1 (Cu, Zn-superoxide dismutase) and CCS
(copper chaperone for SOD1) gene expression are down regulated in hepatocytes of NPC
mice (Vazquez et al., 2011) whereas SOD1 increases in NPC1 cerebellum (Cologna et al.,
2012). Similarly to ncr1Δ yeast cells, a decrease in catalase activity was described in
multiple organs of a mouse model of NPC (Schedin et al., 1997) and in fibroblasts collected
from patients (Zampieri et al., 2009). Yet, the overexpression of SOD2 or CTT1 did not
reverse the premature aging phenotype of ncr1Δ cells, suggesting that the accumulation of
oxidative damages in Ncr1p deficient cells is an effect rather than the cause for its shortened
chronological lifespan.

Our data suggest that the increased ROS levels leading to the accumulation of oxidative
damage in ncr1Δ cells result from mitochondrial dysfunction. Yeast ncr1Δ cells were unable
to grow on a non-fermentable carbon source (which requires functional mitochondria) and
presented a decrease in COX activity and oxygen consumption. The levels of porin were
40% lower in ncr1Δ cells, suggesting that mitochondrial mass decreased in the mutant
strain, with this effect accounting for the reduction of COX and Sod2p activities. However,
the very low activity of these enzymes suggests that other cellular changes contribute to
their loss of function. Previous studies have associated NPC with an impaired homeostasis
of metals such as iron and copper (Reddy et al., 2006, De Windt et al., 2007, Vazquez et al.,
2011, Goez et al., 2011). This may explain the decreased activity of COX, Sod2p as well as
Ctt1p, since all these proteins are metal-dependent enzymes, but further studies are required
to test this hypothesis. Consistent with mitochondrial dysfunctions, Ncr1p deficient cells
also presented fragmentation of the mitochondrial network and mitochondrial
depolarization. Cholesterol accumulation within the mitochondrial membranes of NPC1
mouse brains and neurons has been implicated in fluidity changes and in the decrease of
mitochondrial membrane potential and ATP production (Yu et al., 2005). Mitochondrial
fragmentation was also recently described in a stem-cell derived neuronal model of NPC
(Ordonez et al., 2012).

Importantly, ncr1Δ cells showed high levels of LCBs thereby providing evidence that the
accumulation of sphingosine previously implicated in NPC (Lloyd-Evans et al., 2008) is
conserved in the yeast model of this disease. Our findings also implicate sphingolipid
signaling in ncr1Δ phenotypes. In yeast, LCBs function in cell signaling through activation
of the Pkh1/2p protein kinases that are homologues of mammalian PDK1 (Liu et al., 2005).
One of the Pkh1p protein targets is the Sch9p protein kinase (Roelants et al., 2004, Liu et
al., 2005, Voordeckers et al., 2011), a homologue of mammalian ribosomal S6 kinase that
controls stress responses and lifespan (Longo, 2003, Lavoie & Whiteway, 2008, Pan &
Shadel, 2009). Huang et al. have recently shown that down-regulating sphingolipid
synthesis increases yeast lifespan in part due to a reduction in Sch9p activity and proposed
that Sch9p regulates lifespan by integrating nutrient signals from TOR1 with growth and
stress signals from sphingolipids (Huang et al., 2012). We found that Sch9p-T570
phosphorylation and total Sch9p are increased in ncr1Δ cells in a Pkh1p dependent manner.
Importantly, deletion of either PKH1 or SCH9 suppressed oxidative stress sensitivity,
shortened CLS and the mitochondrial dysfunction of ncr1Δ cells. However, the inhibition of
de novo sphingolipid biosynthesis by treatment with myriocin did not increase the lifespan
of ncr1Δ cells. This observation suggests that other changes in sphingolipid metabolism,
rather than increased de novo biosynthesis, may lead to the accumulation of LCBs in ncr1Δ
cells, e.g. through sphingolipid turnover mediated by Isc1p, an homologue of mammalian
neutral sphingomyelinase, and/or ceramidases (Ypc1p or Ydc1p). Alternatively, LCB-
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Pkh1p-independent mechanisms may contribute to ncr1Δ phenotypes. Since Sch9p also can
be phosphorylated in the C terminus by the target of rapamycin complex 1 (TORC1; Urban
et al., 2007) and down-regulation of Sch9p mediates CLS extension associated with reduced
TORC1 signaling (Pan & Shadel, 2009), deregulation of the TOR pathway may contribute
to LCB-independent Sch9p-dependent phenotypes of ncr1Δ cells. How changes in
sphingolipid dynamics or in TORC1 signaling contribute to ncr1Δ phenotypes is an
important issue for future studies.

Moreover, autophagy is induced in NPC through a Beclin-1/class III PI3K complex-
dependent mechanism (Pacheco et al., 2007), but the autophagic flux seems to be impaired
(Ishibashi et al., 2009) due to the inhibition of cathepsin, a lysosomal protease, by stored
lipids that leads to an impaired turnover of autolysosomes (Elrick et al., 2012). Notably,
autophagy activation, associated with an impaired completion of autophagy, promotes lipid
accumulation in the NPC lysosome and, therefore, disease pathogenesis (Elrick et al., 2012).
In yeast, Ncr1p-deficient cells present an acidic shift of vacuolar pH that correlates with
ergosterol accumulation in these organelles (Brett et al., 2011), which may also compromise
the activity of vacuolar proteases. It was recently shown that myriocin enhances autophagy
in yeast (Liu et al., 2013). Thus, the activation of autophagy by myriocin may be detrimental
for ncr1Δ cells, preventing lifespan extension in this mutant.

The mechanisms underlying the phenotypes of ncr1Δ cells seem to be complex, with Sch9p
also playing a role in mediating the changes in sphingolipid homeostasis measured in this
mutant. Indeed, SCH9 deletion suppressed the high levels of LCBs displayed by ncr1Δ cells.
More studies are needed to further characterize how Sch9p functions upstream in the
regulation of sphingolipid metabolism, in addition to its role downstream as an effector of
sphingolipid signaling. Nevertheless, other studies showed that sphingolipid homeostasis is
regulated by an intricate network of protein kinases and protein phosphatases that can be
activated by sphingolipids but also control sphingolipid biosynthesis, e.g. through
modulation of Orm1/2p (Roelants et al., 2011, Liu et al., 2012, Sun et al., 2012,
Shimobayashi et al., 2013).

In summary, our data show that the yeast model of NPC disease exhibits oxidative stress
sensitivity and a shortened CLS associated with oxidative stress markers and mitochondrial
fragmentation and dysfunction. In addition, our findings suggest that sphingolipid signaling
mediated by the LCB-activated protein kinase Pkh1p and its downstream target Sch9p
mediate ncr1Δ phenotypes. These results highlight the importance of oxidative stress and
loss of mitochondria functionality in NPC and further support the use of yeast as a valuable
model to study molecular mechanisms underlying the pathophysiology of NPC disease.

Experimental procedures
Yeast strains and growth conditions

The Saccharomyces cerevisiae strains used in this work are listed in table 1. The growth
media used were YPD [1 % (w/v) yeast extract, 2 % (w/v) bactopeptone, 2 % (w/v)
glucose], YPG [1 % (w/v) yeast extract, 2 % (w/v) bactopeptone, 4 % (v/v) glycerol],
synthetic complete (SC) drop-out medium containing 2% (w/v) glucose 0.67% yeast
nitrogen base without amino acids, or minimal medium containing 2% (w/v) glucose 0.67%
yeast nitrogen base without amino acids, supplemented with appropriate amino acids [0.008
% (w/v) histidine, 0.04 % (w/v) leucine, 0.008 % (w/v) tryptophan)] or nucleotides (0.008 %
(w/v) uracil). Yeast cells were grown aerobically at 26 ºC in an orbital shaker (at 140
r.p.m.), with a ratio of flask volume / medium volume of 5:1, to early exponential phase
(OD600nm=0.6) or to post-diauxic phase (OD600nm=7–9). To generate ncr1Δ::KanMX4 cells,
a deletion fragment containing KanMX4 and the flanking regions of NCR1 was amplified by
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polymerase chain reaction (PCR) using genomic DNA from S. cerevisiae BY4741 ncr1Δ
cells (Euroscarf, Germany). Yeast cells were transformed by electroporation, and ncr1Δ
mutant cells were selected in YPD containing 0.4 mg geneticin mL−1 (Sigma). To generate
ncr1Δ::URA3 cells, the KanMX4 cassette in ncr1Δ::KanMX4 cells was replaced by URA3,
using a deletion fragment containing an heterologous URA3 cassette and the flanking
regions of KanMX4 that was amplified by PCR from pAG61 plasmid (Goldstein et al.,
1999). The NCR1 gene was also disrupted in pkh1Δ and sch9Δ cells with a deletion fragment
containing URA3 and the flanking regions of NCR1 that was amplified by PCR using
genomic DNA from ncr1Δ::URA3 cells. Cells were selected in minimal medium lacking
uracil and the correct integration of all cassettes was confirmed by PCR. For SOD2 and
CTT1 overexpression, a BamHI fragment containing the SOD2 gene under its promotor and
a HindIII-BamHI fragment containing the CTT1 gene under its promotor were cloned into
YEp352. BY4741 and ncr1Δ::KanMX4 cells were transformed by electroporation with
YEp352 (empty vector), YEp352-SOD2 and YEp352-CTT1 and selected in minimal
medium lacking uracil.

Oxidative stress resistance and chronological lifespan
For analysis of oxidative stress resistance, yeast cells were grown to exponential phase
(OD600nm = 0.6) and treated with 1.5 mM H2O2 for 1 hour. Chronological lifespan was
assayed as previously described (Mesquita et al., 2010). Briefly, overnight cultures were
diluted to OD600nm=0.6 and grown for 24 hours (to PDS phase) or 48h (stationary phase;
considered t0 in the lifespan assay) and kept in culture media at 26 ºC. Cell viability was
determined by standard dilution plate counts on YPD medium containing 1.5 % (w/v) agar.
Colonies were counted after growth for 3 days at 26 ºC. Viability was expressed as a
percentage of colony-forming units in relation to time 0 or to untreated cells, as indicated.
To analyze the effect of myriocin on CLS, yeast cells were treated as described previously
(Huang et al., 2012) with minor modifications. A stock solution of 200 μg mL−1 myriocin
(Sigma) was prepared in 95 % (v/v) ethanol. Cells were grown overnight and diluted to
OD600nm=0.01. Then, 600 ng mL−1 myriocin or ethanol (vehicle; volume identical to
myriocin) was added to the cultures. Cells were grown to stationary phase and cell viability
was measured as described above.

Protein carbonylation, lipid peroxidation and intracellular oxidation
Protein oxidation was determined by immunodetection of protein carbonyls as previously
described (Costa et al., 2002). Quantification of carbonyls was performed in a GS-800
densitometry (Bio-Rad). Lipid peroxidation was determined by quantification of
thiobarbituric acid reactive substances as described (Belinha et al., 2007) and expressed as
nmol MDA mg−1 protein. Levels of intracellular H2O2 and superoxide anion were detected
with dihydrorhodamine (DHR) 123 and dihydroethidium (DHE) (Molecular Probes, Life
Technologies), respectively. 3×107 cells were treated with 6 μL of DHR (stock solution at
2.5 mg mL−1; prepared in DMSO) and incubated for 60 minutes at 26 ºC, or with 1 μL of
DHE (stock solution at 5 mM; prepared in DMSO) and incubated for 10 minutes at 26 ºC.
Fluorescence of DHR-positive cells was measured on the FL-1 channel of a Becton
Dickinson FACS Calibur Analytic Flow cytometer with excitation and emission settings of
488 nm and 515–545 nm, respectively, without compensation. The DHE staining was
analyzed by flow cytometry with excitation and emission settings of 488 nm and ≥670 nm
(FL3 channel) without compensation. The data was analyzed using the FlowJo software
(Tree Star).
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Glutathione levels and enzymatic activities
All the procedures were carried out at 4 ºC. Yeast cells were harvested by centrifugation.
Glutathione levels were measured by the method of Tietze (1969), as described (Belinha et
al., 2007), and expressed as μmol glutathione (mg protein) −1. For enzyme activities, yeast
extracts were prepared in 50 mM potassium phosphate buffer (pH 7.0) containing protease
inhibitors (Complete, Mini, EDTA-free Protease Cocktail Inhibitor Tablets; Roche Applied
Science), as described (Almeida et al., 2008). The activity of catalase and SOD was
determined spectrophotometrically (Aebi, 1984) (Beauchamp & Fridovich, 1971) or
analyzed in situ, after separation of proteins (60 μg) by native PAGE, as described (Conyers
& Kidwell, 1991, Flohe & Otting, 1984). Cytochrome c oxidase (COX) activity was
determined as previously described (Poyton et al., 1995), by measuring cytochrome c
oxidation.

Oxygen consumption and growth in glycerol
Oxygen consumption rate was measured for 3×108 cells at 26 ºC in phosphate buffer using
an oxygen electrode (Oxygraph, Hansatech). Data were analyzed using the Oxyg32 v2.25
software. For analysis of respiratory capacity, yeast cells were grown to exponential phase
(OD600nm = 0.6), diluted to an OD600nm = 0.1 and five-fold serial dilutions were plated in
solid media containing glucose or glycerol as carbon source (YPD or YPG media
supplemented with 1.5% (w/v) agar).

Mitochondrial fragmentation and mitochondrial membrane potential
Mitochondrial morphology was analyzed in cells transformed with a plasmid expressing
mitochondrial DsRed (pYX222-mtDsRed). Cells were grown in SC-glucose medium
lacking histidine to post-diauxic shift phase. The mitochondrial network was observed in
live cells by fluorescence microscopy (AxioImager Z1, Carl Zeiss). Data image stacks were
deconvolved by QMLE algorithm of Huygens Professional v3.0.2p1 (Scientific Volume
Imaging B.V.). Maximum intensity projection was used to output final images using ImageJ
1.47n software. The mitochondrial membrane potential was measured by flow cytometry
using cells probed with the potential-sensitive dye 3,3-dihexyloxacarbocyanine iodide
[(DiOC6(3)], as described (Rottenberg & Wu, 1998). Briefly, 2×106 cells were re-suspended
in suspension buffer [10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 0.1 mM MgCl2
and 2 % (w/v) Glucose, pH 6.0] and DiOC6(3) (Invitrogen) was added to a final
concentration of 1 nM. The cell suspension was then incubated for 30 minutes at 30 ºC and
washed twice with PBS. The mitochondrial membrane potential was analyzed by flow
cytometry (Becton-Dickinson FACS Calibur Analytic Flow Cytometer) on the FL1-channel
with excitation and emission settings of 488 nm and 525 nm, respectively. The data was
analyzed using the FlowJo software (Tree Star).

Sphingolipid analysis by HPLC-MS/MS
Yeast cells were grown in SC-glucose medium and 1.9×109 cells were collected at
exponential and PDS phase. Cell pellets were re-suspended in 1ml of lipid extraction
solvent: 50 % (v/v) iso-propanol, 10 % (v/v) diethyl ether, 2 % (v/v) pyridine, 25 % (v/v)
ammonia. A 200 μl volume of glass beads were added into a screw cup 2 ml plastic tubes.
Tubes were shaken in a bead better 5 times, 3 min on, 1 min off at 4°C. The content of the
tubes was poured into a 13×100 mm glass tubes. An additional 1 ml solvent was used to
wash the plastic tubes and was added into the glass tubes. The tubes containing 2 ml solvent
with cells and glass beads were dried in an analytical nitrogen evaporator (N-EVAP). The
dried samples were sent to the Lipidomic Core at the Medical University of South Carolina
for lipid analysis. Levels of long-chain sphingoid bases and their phosphorylated forms were
measured by the high-performance liquid chromatography/mass spectrometry (LC-MS/MS)
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methodology as previously described (Bielawski et al., 2010). Analytical results of lipids
were expressed as pmol sphingolipid/ total cell number.

Protein extraction and western blotting analysis
Yeast cells were grown in SC-glucose medium to exponential or PDS phase and protein
extracts were prepared as described (Huang et al., 2012) with minor modifications. Briefly,
9×108cells were collected, suspended in 200 μl of water and 200 μl of 0.2 M NaOH.
Samples were vortexed and incubated at room temperature for 5 min, centrifuged and the
pellet suspended in 200 μl of gel lysis buffer (50 mM Tris-HCl pH 8.8, 2 % (w/v) SDS, 10
% (v/v) glycerol, 2 mM EDTA). After heating 5 min at 95 ºC, samples were centrifuged and
the protein content of the supernatant was quantified with BCATM Protein Assay Kit
(Thermo Scientific) using bovine serum albumin as a standard. Proteins (30 μg) were mixed
with 1 % (v/v) β-mercaptoethanol, heated for 2 min at 95 ºC, electrophoresed on a 9 % SDS-
PAGE gel and transferred for 1.5 hours onto a nitrocellulose membrane (GE Healthcare).
Each membrane was blocked in TTBS (20 mM Tris, 140 mM NaCl, 0.05 % (v/v) Tween-20
pH 7.6) containing 5 % nonfat dry milk. Membranes were then incubated with the primary
antibody, mouse anti-yeast porin (Por1p) antibody (1:1000, Molecular Probes), mouse anti-
yeast phosphoglycerate kinase (Pgk1p) antibody (1:40000, Molecular Probes), rabbit anti-
Sch9p antibody (1:1000, kindly provided by Dr Robert Dickson) or rabbit anti-P-T570-
Sch9p antibody (1:10000, kindly provided by Dr Robbie Loewith), and with the secondary
antibody, anti-mouse IgG-peroxidase (1:5000, Molecular probes) or anti-rabbit IgG-
peroxidase (1:5000, Sigma). Immunodetection was performed by chemiluminescence, using
a kit from GE Healthcare (RPN 2109).

Statistical analysis
The results obtained were represented by mean and standard deviation values of at least
three independent experiments. Statistical analyses were carried out using GraphPad Prism
Software v6.02 (GraphPad Software).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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COX cytochrome c oxidase

DHE dihydroethidium
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DHR dihydrorhodamine

DHS dihydrosphingosine

DNPH 2,4-dinitrophenylhydrazine

MDA malondialdehyde

NPC Niemann-Pick type C

PDS post-diauxic shift

PHS phytosphingosine

PVDF polyvinylidene difluoride

ROS reactive oxygen species

SOD superoxide dismutase

TBARS thiobarbituric acid reactive substances
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Fig. 1. Role of Ncr1p in hydrogen peroxide resistance
S. cerevisiae BY4741 and ncr1Δ::KanMX4 cells were grown in SC-glucose medium to
exponential phase (O.D.600nm=0.6) exposed to 1.5 mM H2O2 for 1 hour.
A. Cellular viability was measured as the percentage of the colony-forming unit (treated
cells vs non-stressed cells). Values are mean ± SD of at least three independent experiments.
***p<0.001, unpaired Student’s t-test.
B. Protein carbonylation. Proteins were derivatized with DNPH and slot-blotted into a
PVDF membrane. Immunodetection was performed using an anti-DNP antibody.
Quantitative analysis of total protein carbonyl content was performed by densitometry using
data taken from the same membrane. Values are mean ± SD of at least three independent
experiments.****p<0.0001, **p<0.01; Two-way ANOVA and Bonferroni test.
C. Lipid peroxidation. Cellular extracts were prepared and TBARS quantification was
performed as described in Experimental procedures. Values are mean ± SD of at least three
independent experiments. ***p<0.001; Two-way ANOVA and Bonferroni test.
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D. Intracellular levels of superoxide radicals were analyzed by flow cytometry, using DHE
as probe. Values are mean ± SD of at least three independent experiments. ****p<0.0001,
**p<0.01; Two-way ANOVA and Bonferroni test.
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Fig. 2. Ncr1p deficiency decreases chronological lifespan
S. cerevisiae BY4741 and ncr1Δ::KanMX4 cells were grown in SC-glucose medium at 26 ºC
to PDS phase.
A. Cells were maintained in the growth medium overtime. Cellular viability was measured
at 2 to 3 days intervals and was expressed as % colony forming units (aged vs day 0). Values
are mean ± SD of at least three independent experiments.
B. Intracellular levels of hydrogen peroxide were analyzed by flow cytometry, using DHR
123 as probe. **p<0.01, unpaired Student’s t-test.
C,D. Protein carbonylation and lipid peroxidation were measured as in Fig. 1B,C. Values are
mean ± SD of at least three independent experiments. *p<0.05, unpaired Student’s t-test.
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Fig. 3. Cytosolic catalase activity, mitochondrial superoxide dismutase activity and glutathione
levels are decreased in ncr1Δ mutant cells
S. cerevisiae BY4741 and ncr1Δ::KanMX4 cells were grown in SC-glucose medium to PDS
phase.
A,B. The activity of superoxide dismutase (SOD) and catalase was measured
spectrophotometrically. Values are mean ± SD of at least three independent experiments.
**p<0.01, unpaired Student’s t-test.
C,D. The activity of superoxide dismutases (Sod1p and Sod2p) or cytosolic catalase (Ctt1p)
was assessed in situ after native-PAGE. One representative experiment out of three is
shown.
E. Total glutathione levels. Reduced (GSH) + oxidized (GSSG) glutathione was measured as
described in methods. Values are mean ± SD of at least three independent experiments.
**p<0.01, unpaired Student’s t-test.
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Fig. 4. Ncr1p deficiency decreases mitochondrial function and dynamics
S. cerevisiae BY4741 and ncr1Δ::KanMX4 cells were grown in SC-glucose medium.
A. Oxygen consumption rates were measured in exponential (log) and PDS phase cells.
Values are mean ± SD of at least three independent experiments. ****p<0.0001, *p<0.05;
Two-way ANOVA and Bonferroni test.
B. Cytochrome c oxidase (COX) specific-activity was measured in cells grown to PDS
phase. Values are mean ± SD of at least three independent experiments. ****p<0.0001,
unpaired Student’s t-test.
C. Immunoblot analysis of mitochondrial porin levels in cells grown to PDS phase. For each
lane the Por1p signal was normalized to the signal for the Pgk1p internal standard (value
shown below each lane). A representative experiment out of three is shown.
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D. Cells were grown to exponential phase and fivefold serial dilutions were plated in solid
medium containing glucose or glycerol as carbon source. One representative experiment out
of three is shown.
E. Mitochondrial membrane potential was determined by flow cytometry using cells grown
to PDS phase, unlabeled (auto fluorescence) or labeled with DiOC6(3). Representative
histograms for each condition are shown in Supplemental Fig. S3. Values are mean ± SD of
three independent experiments. ***p<0.001, unpaired Student’s t-test.
F. S. cerevisiae BY4741 and ncr1Δ::KanMX4 cells transformed with pYX222-mtDsRed
(expressing mitochondrial DsRed) were grown to exponential (log) and PDS phase. Live
cells were visualized by fluorescence microscopy. One representative experiment out of
three is shown. Scale bar: 5 μm.
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Fig. 5. Levels of long-chain sphingoid bases
S. cerevisiae BY4741, ncr1Δ::URA3, sch9Δ and ncr1Δsch9Δ cells were grown in SC-
glucose medium to the exponential (log) and post-diauxic shift (PDS) phase. Levels of
indicated long chain bases were measured by HPLC-MS/MS. A. PHS - phytosphingosine;
B. PHS-1-P – phytosphingosine-1-phosphate; C. DHS– dihydrosphingosine; D. DHS-1-P –
dihydrosphingosine-1-phosphate. Data are expressed as pmol of lipid per total cell number
(1.9×109) and are mean ± SD of three independent experiments. ****p<0.0001,
***p<0.001, **p<0.01, *p<0.05; Two-way ANOVA and Bonferroni test.
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Fig. 6. Ncr1p deficient cells exhibit increased levels of Sch9p and Sch9p-phospho-T570 and
ncr1Δ phenotypes are suppressed by disruption of PKH1 or SCH9 but not by myriocin
S. cerevisiae BY4741, ncr1Δ::URA3, pkh1Δ, ncr1Δpkh1Δ, sch9Δ and ncr1Δsch9Δ cells were
grown in SC-glucose medium to exponential (A and B) or PDS (C and D) phase.
A. Immunoblot analysis of Sch9p and P-T570-Sch9p. Pgk1p was used as loading control. .
A representative experiment out of three is shown.
B,C. Hydrogen peroxide resistance (B) and chronological lifespan (C) were measured as in
Fig. 1A and 2A, respectively. Values are mean ± SD of at least three independent
experiments. ****p<0.0001, ***p<0.001 (relative to ncr1Δ); Two-way ANOVA and
Bonferroni test.
D. Analysis of chronological lifespan in S. cerevisiae BY4741 and ncr1Δ::KanMX4 cells
treated with ethanol (vehicle) or myriocin (600 ng mL−1; Myr). Values are mean ± SD of at
least two independent experiments.
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Fig. 7. Role of the LCB→Pkh1p→Sch9p pathway in mitochondrial dysfunction of ncr1Δ cells
S. cerevisiae BY4741, ncr1Δ::URA3, pkh1Δ, ncr1Δpkh1Δ, sch9 and ncr1Δsch9Δ cells were
grown in SC-glucose medium.
A. Cells were grown to exponential phase and fivefold serial dilutions were plated in solid
medium containing glucose or glycerol as carbon source. One representative experiment out
of three is shown.
B. Oxygen consumption rates were measured in PDS phase cells. Values are mean ± SD of
at least three independent experiments. ****p<0.0001 (relative to ncr1Δ); Two-way
ANOVA and Bonferroni test.
C. Mitochondrial membrane potential was determined by flow cytometry using PDS phase
cells, unlabeled (auto fluorescence) or labeled with DiOC6(3). Values are mean ± SD of
three independent experiments. ****p<0.0001, ***p<0.001 (relative to ncr1Δ); Two-way
ANOVA and Bonferroni test.
D. S. cerevisiae cells transformed with pYX222-mtDsRed (expressing mitochondrial
DsRed) were grown to PDS phase. Live cells were visualized by fluorescence microscopy.
One representative experiment out of three is shown. Scale bar: 5 μm.
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Table 1

S. cerevisiae strains used in this work.

Strain Genotype Reference/Source

BY4741*,¥ Mata, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 EUROSCARF

ncr1Δ::KanMX4*,¥ BY4741 ncr1Δ::KanMX4 This study

ncr1Δ::URA3 BY4741 ncr1Δ::URA3 This study

sch9Δ* BY4741 sch9D::KanMX4 EUROSCARF

ncr1Δsch9Δ* BY4741 ncr1Δ::URA3 sch9Δ::KanMX4 This study

pkh1Δ* BY4741 pkh1Δ::KanMX4 EUROSCARF

ncr1Δpkh1Δ* BY4741 ncr1Δ::URA3 pkh1Δ::KanMX4 This study

*
Cells harboring pYX222-mtDsRed are indicated.

¥
Cells harboring YEp352, YEp352-SOD2 and YEp352-CTT1 are indicated.
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