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“In the absence of any other proof,  

the thumb alone would convince me 

 of Gods existence” 

- Sir Isaac Newton 
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Abstract 

Niemann-Pick type C is a lysosomal storage disease with an 

underestimated prevalence of 1:150,000 people in Western Europe. It is 

characterized by the accumulation of cholesterol and sphingolipids in late 

endosomes/lysosomes caused by loss-of-function point mutations in two 

genes, NPC1 and NPC2, encoding proteins that are involved in the 

endocytic pathway. The yeast model of NPC1 (ncr1) shares important 

features with NPC1 mammalian cells. This model exhibit higher 

sensitivity to oxidative stress, shortened chronological lifespan and 

mitochondrial dysfunctions associated with the accumulation of long 

chain sphingoid bases (LCBs) and ceramides. Ypk1, an orthologue of 

human SGK1, regulates sphingolipid synthesis through modulation of 

sphingolipid metabolism enzymes toward the synthesis of complex lipids. 

Since ncr1 cells present an imbalance in sphingolipid homeostasis and 

Ypk1 regulates the de novo biosynthesis, we raised the hypothesis that 

Ypk1 activity may also be dysregulated in these cells.  

The man goal of this work was to study if the hypothetical activation 

of Ypk1 by the upstream regulators TORC2 and Pkh1 contributes to 

ncr1 phenotypes. We showed that Ypk1 was activated by both Pkh1 

and TORC2. Moreover, deletion of YPK1 restored mitochondrial function 

of ncr1 and promoted cell survival.   

Interestingly, eisosomes stability also affect Pkh1 activity as 

deletion of PIL1, that encodes for the major subunit of these domains, 

decreased Pkh1 activity toward its targets Sch9 and Ypk1. 

The overall results show that Ypk1 activation by TORC2 and Pkh1 

mediate cell death phenotypes in the yeast model of NPC1.  

 

Key Words: Niemann-Pick type C1; Ncr1; Ypk1; Sphingolipids; 

Mitochondrial function; Pkh1; TORC2; Eisosomes; Yeast 
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Resumo 

A Niemann-Pick tipo C1 é uma doença de armazenamento 

lisossomal que afeta 1 em cada 150000 pessoas na Europa Ocidental. É 

caracterizada pela acumulação atípica de colesterol e esfingolípidos nos 

endossomas tardios/lisossomas, sendo causada por mutações de perda-

de-função em dois genes: NPC1 e NPC2 os quais codificam duas 

proteínas que estão envolvidas na via endocítica. 

O modelo de levedura da Niemann-Pick tipo C1 (ncr1)  apresenta 

caracterisiticas semelhantes com as células de mamífero NPC1. Este 

organismo modelo apresenta maior sensibilidade ao stress oxidativo,  

tem menor longevidade celular  e ainda apresenta disfunções 

mitocondriais que estão associadas à acumulação de bases esfingoides 

de cadeia longa  e ceramidas. A Ypk1 é uma proteína homologa da 

SGK1 e regula a síntese de esfingolípidos através da modulação de 

enzimas ligadas à síntese de esfingolípidos complexos.  

Visto que as células ncr1 apresentam alterações na homeostasia 

de esfingolípidos e a Ypk1 regula a síntese destes, levantamos a 

hipótese de que a atividade da Ypk1 pode estar desregulada nas células 

ncr1. 

O objetivo principal do trabalho foi estudar se a ativação da Ypk1 

pelos seus reguladores, TORC2 e Pkh1, contribuía para o fenótipo das 

células ncr1. Neste trabalho, demonstramos que a Ypk1 é ativada tanto 

pela Pkh1 como pelo TORC2. Foi também comprovado que a deleção 

do gene YPK1 melhora a função mitocondrial e promove a sobrevivência 

celular das células ncr1. 

Curiosamente, a estabilidade dos eisosomes afeta a atividade da 

PKh1 sendo que a deleção do gene PIL1, o qual codifica uma 

subunidade fundamental dos eisosomas, levou a uma diminuição da 

fosforilação dos alvos da Pkh1, Sch9 e Ypk1. 
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No geral, demonstramos que a ativação da Ypk1 pelo TORC2 e 

pela Pkh1 contribui para o fenótipo de morte do modelo de levedura da 

doença de NPC1. 

 

 

Palavras-Chave: Niemann-Pick tipo C1; Ncr1; Ypk1; 

Esfingolípidos; Função Mitocondrial; Pkh1; TORC2; Eisossomas; 

Levedura 
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1.1 Lysosomal Storage Diseases 

The endocytic pathway is involved in cell internalization, recycling 

and modulation of external and internal cargo molecules. After cell 

internalization, cargo molecules are transported to their respective 

cellular compartment via late-endosomes/lysosomes [1]. Nevertheless, 

when this system is compromised, it results in the entrapment of lipids or 

proteins and their excessive storage can be destructive to the cell. 

Several studies have demonstrated a correlation between defects in 

LE/Lys system and neurological dysfunction in dementias like Alzheimer 

and Parkinson [2]. Also, defects in this system are on the basis of a class 

of rare diseases called lysosomal storage diseases (LSDs). The LSDs 

comprise a very heterogeneous autosomal recessive trait characterized 

by accumulation of toxic substrates within lysosomes. They can be 

classified according to the type of substrates that is stored due to defects 

in lysosomal enzymes or their activating enzymes [3]. 

In Portugal, it is estimated that 25:100,000 live births are affected 

by this type of diseases, making the understanding of their mechanisms 

of high importance for public health [4].  

 

1.2 Niemann-Pick Type C 

Designated in the late 1920's from the pioneering work of Albert 

Niemann and Ludwig Pick, Niemann-Pick disease has been used to 

describe a heterogeneous group of lysosomal lipid storage disorders with 

autosomal recessive inheritance, with or without neurological 

involvement [5]. 

Since the disease show a wide variability on genetic causes and 

biochemical markers, it has been classified into three main subgroups: A, 

B and C [6]. Type A is characterized by severe, early Central Nervous 

System deterioration and massive visceral and cerebral sphingomyelin 

storage. Type B is characterized by chronic course with marked visceral 

involvement but a sparing of the nervous system. Type C is 
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characterized by a sub-acute nervous system involvement with a 

moderate and slower course and a milder visceral cholesterol storage.  

Niemann-Pick type C (NPC) pathology has evolved throughout the 

years, being now defined as a cholesterol storage disorder. Currently, 

NPC is classified as a cellular lipid trafficking disorder, involving more 

specially, but not only, endocytosed cholesterol [7]. 

Previous genetic studies showed that NPC1 and NPC2 genes are 

compromised in NPC disease. While the functions of NPC1 and NPC2 

are still unknown, some studies suggest that they work in a coordinate 

manner in the endocytic pathway [8]. NPC is characterized by a wide 

clinical spectrum affecting not only infants but also adults. It involves not 

only an accumulation of unesterified cholesterol but also sphingolipids, 

gangliosides (mostly GM1 and GM2) and phospholipids within LE/Lys 

system. [9].  

 

1.2.1 Clinical Description 

NPC is classically described as a neurovisceral condition affecting 

liver, spleen, and sometimes lung functions but also manifests neurologic 

or psychiatric symptoms (Fig. 1).  Apart from a small number of patients 

who die at birth or in the first 6 months of life from hepatic or respiratory 

failure, all patients will ultimately develop a progressive and fatal 

neurological disease [6]. In the great majority of patients, the neurologic 

disorder consists mainly of cerebellar ataxia, dysarthria, dysphagia, and 

progressive dementia, and most cases show a characteristic vertical 

supranuclear gaze palsy (VSGP) while the systemic disease is usually 

not very severe and is well tolerated, except for the neonatal patients [5]. 

Nevertheless, the most severe symptoms are presented on 

neonatal and infantile periods where most of the patients die due to 

neurological or systemic manifestations [10]. 
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Figure 1 – Schematic representation of health problems in Niemann-Pick type C1 through 

lifespan. Adapted from [7] 

 

1.2.2 Molecular Etiology 

NPC is caused by mutations in NPC1 or NPC2 genes. While 95% 

of reported NPC patients have mutations in the NPC1 gene [11], 

mutations in NPC2 are more rare [12].  

NPC1 is a large polytopic glycoprotein with a cytoplasmic tail 

containing a dileucine endosome-targeting motif. A group of 

transmembrane domains of NPC1 share homology with the sterol-

sensing domains of proteins involved in cellular cholesterol homeostasis. 

NPC1 is localized in LE/Lys membranes and it is believed to act as a 

molecular pump [11,13]. On the other hand, NPC2 encodes a small 

soluble lysosomal protein that is supposed to facilitate molecular 

movement out of the lysosomes/endosomes [12]. 

NPC1 and NPC2 proteins bind to cholesterol and act in tandem in 

LE/Lys to mediate the efflux of unesterified cholesterol derived from 

endocytosed lipoproteins (Fig.2). In NPC1 or NPC2 deficient cells, 
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unesterified cholesterol and other lipids are sequestered in LE/Lys 

compromising its distribution to plasma membrane and endoplasmic 

reticulum (ER; the cellular site at which cholesterol homeostasis is 

regulated) [14]. 

 

Figure 2 - NPC1 and NPC2 mediate cholesterol export from late endosomes/lysosomes. 
Cholesterol (yellow) is released from endocytosed LDLs and binds to NPC2 (red). Afterwards, 
NPC2 transfers the cholesterol to NPC1 (blue). Finally, the cholesterol is exported from the 
lysosomal membrane and is transported via the cytosol to the Golgi complex, endoplasmic 
reticulum and plasma membrane. 

 

1.2.3  Lipids and NPC1 

In 1985, it was observed an accumulation of unesterified cholesterol 

in LE/Lys of cultured skin fibroblast from NPC1 patients [15]. Further 

studies have supported this observation and lipid entrapment, specifically 

cholesterol, has been assumed as an hallmark of disease phenotype for 

NPC1. 

 NPC1 cells present severe defects in the regulation of cholesterol 

and lipids homeostasis, because of lipid entrapment in LE/Lys system. 

When NPC1 function is compromised, cells activate a feedback 

mechanism to produce more lipids, which will aggravate even more the 
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lipid accumulation phenotype. Eventually, the intracellular lipid 

distribution is disrupted, leading to cell dysfunction or death. Apart from 

cholesterol accumulation, NPC1 is also characterized by accumulation of 

other lipids such as sphingolipids. The accumulation of sphingomyelin 

seems to result from a decreased activity of acid sphingomyelinase [16]. 

Another important and unique feature is the accumulation of sphingosine 

in the liver and spleen of NPC patients [17]. Actually, sphingosine 

accumulates in a higher rate in the liver and spleen (20x) than in the 

brain (3x) [7].  Subcellular fractionation studies in liver of NPC1 mice 

have revealed that the bulk of sphingosine is in the lysosomal fraction 

[18]. The contribution of sphingosine imbalance for NPC1 pathology has 

been extensively studied in the last years. In fact, sphingosine 

accumulation in NPC1 cells may contribute to  lipid sequestration in 

LE/Lys triggering PKC inhibition and further hypophosphorylation of 

Vimentin and Rab9 entrapment [19]. Interestingly, the accumulation of 

sphingosine is a hallmark of NPC but how sphingosine contributes to 

NPC1 pathophysiology remains to be characterized. 

Other studies  demonstrated a reduced calcium release from acidic 

compartments in NPC1 fibroblasts that was recapitulated by treating 

RAW cells with sphingosine [17]. Although the augment of sphingosine 

could enhance the harming results of NPC1 defects, the role of NPC1 

protein in sphingosine export from LE/Lys is unknown [20] 

 

 

1.2.4 Yeast model of Niemann-Pick type C1 

Saccharomyces cerevisiae has been used as a eukaryotic model to 

study molecular processes underlying several human diseases. About 

30% of human genes have yeast orthologues [21]. Also, 15% of human-

disease associated genes are conserved in this simple organism. More 

importantly, most of the cellular pathways that regulate cell survival are 

conserved in this simple model organism. Much of what is known about 
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ageing and stress-induced cellular responses were firstly described in 

yeast cells [22].  

For all those reasons, yeast has been widely used to study human 

diseases such as NPC1. The yeast orthologue of NPC1 gene is 

designated Niemann-Pick type C related gene - NCR1. Ncr1 transits 

through the vacuolar protein sorting pathway and it is efficient at 

recovering NPC1 functions on mammalian cells [23,24]. 

Yeast cells lacking NCR1 have been used as a model of NPC1. 

Vilaça et al. showed that ncr1 cells exhibit a high sensitivity to hydrogen 

peroxide, short chronological lifespan, mitochondrial dysfunctions and 

increased levels of oxidative stress markers [25]. 

 

1.3 Sphingolipids 

Sphingolipids are important structural components of cell 

membranes and are mostly found on the outer leaflet of the plasma 

membrane in lipid domains or in conjugations with proteins. They can 

also be found combined with cholesterol or in lipid rafts [26]. 

Nevertheless, sphingolipids are also integral lipids at membranes of 

different organelles.  

Sphingolipids have an amphipathic nature and are composed by a 

long-chain sphingoid base (LCB), with a 2-amino group amide-linked to a 

fatty acid, thereby forming the core unit, which is ceramide (Fig.3). In 

order to form different types of complex sphingolipids, a polar head group 

is added to ceramide. 

Apart from their structural role in cellular physiology, sphingolipids 

are also bioactive molecules. Sphingosine, ceramide and sphingosine-1-

phosphate are considered fundamental in cell signalling since a vast 

number of cellular processes are regulated by these sphingolipids. 

Sphingolipids are involved in the regulation of a pleiotropic metabolic 

processes such as  cell growth, adhesion, migration, senescence, 

inflammation, apoptosis, endocytosis and autophagy [27].  
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Figure 3 – Structure of Ceramide. Ceramide results from conjugation of a fatty 

acid with a sphingoid base. Adapted from[28]. 

 

1.3.1 Sphingolipid metabolism in yeast  

Sphingolipid metabolism is highly conserved between mammals 

and yeast. In both organisms, the first steps take place in the ER 

whereas the synthesis of complex sphingolipids from ceramide occurs in 

the Golgi complex. 

Sphingolipid de novo biosynthesis starts with a reaction catalysed 

by serine-palmitoyl transferase (SPT), which can be pharmacologically 

inhibited by myriocin. In yeast, SPT is encoded by two homologous 

genes, LCB1 and LCB2, both of which are required for proper activity. As 

shown in Figure 4, the reaction catalysed by SPT produces 3-

ketodihydrosphingosine that is converted to dihydrosphingosine (DHS) in 

an NADPH-dependent manner by ketodihydrosphingosine reductase 

(Tsc10 in yeast) [29]. Furthermore, DHS is transformed in 

phytosphingosine (PHS) by the sphinganine C4-hydroxylase Sur2. 

Together, DHS and PHS constitute the LCBs in yeast and they can be 

either phosphorylated or used to generate ceramide species [27]. The 

sphingoid bases can be phosphorylated to form phyto- or 

dihydrosphingosine phosphate by the sphingoid base kinases encoded 
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by LCB4 and LCB5 [26]. As an alternative, sphingoid bases can suffer N-

acylation to form phyto- or dihydroceramides by the proteins encoded by 

LAG1 or LAC1. More recently, Lip1 was described as a part of the 

ceramide synthase complex [26]. 

The ceramide species phytoceramide and dihydroceramide can be 

converted to LCBs by the ceramidases Ypc1 and Ydc1 respectively [30]. 

The Ypc1 ceramidase also has a reverse ceramide synthase activity [31]. 

Ceramide is the substract to produce inositolphosphosphingolipids, 

which are the complex sphingolipids. Inositol-phosphorylceramide (IPC) 

is formed by a step catalysed by the IPC synthase, that is encoded by 

the gene AUR1. Other complex sphingolipid, mannosyl-inositol 

phosphorylceramide (MIPC) is generated with the help of inositol 

phosphoceramide mannosyl transferase enzyme. This enzyme contains 

a regulatory subunit (Csg2) and one catalytic subunit (Csg1 or Csh1). On 

the other hand, mannosyl-diinositol phosphorylceramide (M(IP)2C) is the 

most abundant complex sphingolipid in yeast and it is formed by the 

addition of another inositol phosphate group to MIPC. This process is 

catalysed by inositol-phosphotransferase [32]. 

Isc1 is an orthologue of mammalian neutral sphingomyelinases that 

hydrolyses complex sphingolipids to ceramide. It is associated with 

mitochondria in the post-diauxic phase of yeast and it has been shown to 

have a role in mitochondrial function, since isc1 cells are unable to 

grown in non-fermentable carbon source containing media [33]. Deletion 

of the ISC1 gene can also cause loss of phospholipase C activity [34]. 
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Figure 4 - Scheme of the sphingolipids de novo synthesis in yeast. Adapted from [29].
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1.3.2 Sphingolipid signaling 

Sphingolipids diversity is reflected on the number of pathways that 

they regulate demonstrating the importance of these molecules as 

signaling mediators, representing potential targets in many diseases. For 

instance, ceramide has been highly associated with cancer treatment 

because it induces apoptosis in several chemo-resistant cancer lines. 

Ceramide-mediated apoptosis is associated with the formation of 

ceramide pores in mitochondria [35] as well as inhibition of several 

survival effectors such as AKT/PKB [36]. 

Sphingosine has also been associated with cell death induction and 

senescence. The rapid metabolic interconversion between ceramide and 

sphingosine makes the identification of sphingolipid-specific apoptotic 

species difficult. There are several proteins that are regulated by 

sphingosine such as Mitogen-activated protein kinases (MAPK) [37]. 

Additionally, 3-phosphoinosite-dependent-kinase (PDK1) is activated by 

sphingosine [38]. PDK1, is integrated in the phosphoinositide 3-kinase 

(PI3K) pathway along with other downstream effectors such as AKT and 

the mammalian Target of Rapamycin Complex 1 and 2 (mTORC1 and 2). 

When PI3K is activated, phosphatidylinositol-(3,4,5)-triphosphate (PIP3) 

is formed and PDK1 is recruited to the plasma membrane through its PH 

domains. Once activated it phosphorylates downstream targets like AKT 

and SGK1 [39]. Some studies have also reported a sphingosine-

dependent activation of PDK1 by autophosphorylation [38].   

In yeast, the role of LCBs is crucial for cell survival. The protein 

kinase Sch9 is phosphorylated in a Thr570 residue in the activation loop 

by Pkh1/2 (PDK1 homologs) in response to LCBs (Figure 5) [40]. Sch9 is 

a protein kinase belonging to the AGC family that also requires 

phosphorylation by TORC1 in its C-terminal in order to be fully activated 

[41]. Sch9, which shares high homology to mammalian AKT/Protein 

kinase B, is involved in the regulation of mitochondrial function, cell 

aging, oxidative stress and sphingolipid biosynthesis [40,42,43]. Also, the 
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downregulation of sphingolipid synthesis by lowering SPT activity is 

known to increase chronological lifespan (CLS) in yeast by reducing 

Pkh1/2 and, consequently, Sch9 activity [43]. 

Ypk1/2 is another important substrate of Pkh1/2 that also regulates 

sphingolipid metabolism and homeostasis. This pathway is conserved in 

mammalian cells, as SGK1 is also a downstream target of PDK1 [39] and 

it is supposed to regulate lipid synthesis [44]. Sphingolipid biosynthesis is 

regulated by Ypk1 in ER, by a negative regulation of Orm1/2, an inhibitor 

of SPT. Accordingly, some studies revealed that cell treatment with 

sphingosine activate PDK1 pathway [38,45]. 

Unlike ceramide and sphingosine, sphigosine-1-phosphate (S1P) 

promotes cell differentiation and migration, cell growth and proliferation, 

angiogenesis, and protection from apoptosis and senescence (Figure 5) 

[46]. Though its function is typically associated with binding to receptors, 

S1P also acts intracellularly as a second messenger to regulate calcium 

homeostasis, cell growth, and protection from apoptosis [47] 
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Figure 5 – Roles of the different classes of bioactive sphingolipids. Adapted 

from [48]. 

 

 

1.4  Sphingolipids and TORC2 and Pkh1 

signaling pathways in yeast 

Even though Target of Rapamycin Complex 2 (TORC2) shares 

some protein subunits with TORC1, there are some specific components 

in its composition such as Avo1, Avo2, Avo3 and Bit61. Those subunits 

regulate TORC2 intracellular localization and activity. TORC2 is found at 

the membrane compartment specific for TORC2 (MCT) sites through 

interaction of Avo1 with the plasma membrane. TORC2 localization at 

the plasma membrane is in agreement with its regulatory role, 

sphingolipid synthesis and sensing [49]. 
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Sphingolipids are involved in aging, nutrient sensing and autophagy 

[48], processes that are regulated by mTOR. On the other hand, TORC2 

controls sphingolipid biosynthesis [50,51]. Studies performed in yeast 

have provided insights into the association between TOR signaling and 

the regulation of sphingolipid metabolism and functions [52,53] 

TORC2 regulates sphingolipid de novo biosynthesis by regulation of 

Ypk1 activity and consequently modulation of SPT (Figure 6) [52]. As 

TORC2 can sense changes in sphingolipids [51], its regulation can be 

modulated by myriocin (SPT inhibitor) and AbA (IPC synthase inhibitor). 

Also, TORC2 signals via Ypk2 to phosphorylate ceramide synthase [32] 

thus activating them and promoting the synthesis of complex 

sphingolipids. However, calcineurin, which is regulated by the 

Ca2+/calmodulin complex, opposes the TORC2-Ypk2 pathway to 

downregulate directly ceramide synthase [54].  

Interaction of TORC2 with Ypk1/2 is facilitated by Slm1/2 which not 

only binds to TORC2 but also to membrane PIP2. Sphingolipid depletion 

stimulates TORC2 activity that will trigger Slm proteins delocalization 

from the eisosomes to the plasma membrane where they are 

phosphorylated by TORC2 leading to Ypk1 activation (Figure 6). Notably, 

the egress of Slm1/2  out of the eisosomes is entirely caused by sensing 

sphingolipid depletion since rapamycin treatment does not alter Slm1/2 

localization [51]. The regulation of TORC2-Ypk1 interaction by Slm1/2 is 

crucial because when Slm1 is anchored to eisosomes, TORC2-mediated 

phosphorylation of Ypk1 is decreased at basal conditions and in 

response to Aureobasidin A (AbA) treatment [51]. 

Together with the observation that Pkh1/2 protein kinases 

phosphorylate Ypk1, the proposed model establishes that depletion of 

sphingolipid levels at the plasma membrane or fluctuations in the mem- 

brane surface area (mechanical stress) promotes the recruitment of 

Slm1/2 from the eisosomes to the membrane compartment specific for 

TORC2 (MCT), where they are phosphorylated by TORC2. At this point, 

Slm1/2 play an essential role in the regulation of Ypk1/2 activation by 
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increasing the phosphorylation efficiency of Ypk1 by TORC2 (at T662 in 

the HM site) and by Pkh1/2 kinases (at T504 in the A-loop) [51,55].  

On the other hand, Slm1/2 are required for cell growth, eisosomes 

assembly, regulation of sphingolipid metabolism and heat stress 

response [27,56–58]. 

Eisossomes can also be called MCC (membrane compartment of 

Can1). A key protein in the maintenance of eisosome organization is 

Pil1. Deletion of the PIL1 prevents the formation of the membrane 

furrows and the concentration of the associated proteins, making it an 

essential protein on eisosome formation [59]. Thus, eisosome assembly 

is regulated by two fundamental proteins: Lsp1 and Pil1 [60,61]. Also, 

membranes are highly enriched in phosphoinositides phosphatidylinositol 

4,5-bisphosphate (PIP2) which interact with a set of specific plasma 

membrane proteins [61]. PIP2 co-localizes with eisossomes and their 

levels are increased in PIL1 mutants [62]. It is involved in Pkh1 

recruitment to the plasma membrane [63] and activation [64]. 

When the proteins from ER, Orm1 and Orm2 are activated by Ypk1, 

they act as negative regulators of sphingolipid synthesis by targeting 

SPT. The overexpression of ORM1/2 results in reduced levels of LCBs 

and ceramides while the orm1orm2 double mutants exhibit increased 

levels of the same lipids [65]. As expected, and since Orm1/2 activity is 

regulated by phosphorylation as a feedback mechanism to shut off  

sphingolipid synthesis, myriocin treatment and LAG1 expression 

increase the phosphorylation of Orm1/2 [66]. Thus, when sphingolipid 

biosynthesis is impaired, Orm1/2 activity is inhibited by phosphorylation 

and consequently SPT activity is restored to allow for compensatory 

increase in sphingolipid biosynthesis. It is through the physical interaction 

between Orm1/2 and SPT that SPT activity is regulated [67]. 
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Figure 6 – Regulation of ceramide synthesis through Ypk1 signaling. 

Adapted from [29]. 

 
On a study published by Sun et al. [68] it was shown that heat 

stress increases influx of serine into the ER which will stimulate the de 

novo synthesis of sphingolipids in yeast. The increase of LCBs will 

regulate the response to heat stress, activating Ypk1 phosphorylation of 

Orm thus creating a feedback mechanism between sphingolipid 

synthesis and breakdown. Consequently, the Ypk1-mediated 

phosphorylation of Orm is critical for sphingolipid biosynthesis regulation, 

since when in absence of Ypk1, Orm2 phosphorylation is abolished 

leading to a decrease of LCBs accumulation [66].Ypk1-mediated 

phosphorylation of Orm2 is antagonized by the Cdc55-PP2A 

phosphatase [68]. Additionally, Orm1 regulates ceramide synthesis 
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through physical interactions with Lac1, independently of its 

phosphorylation state [69]. 

Pkh1/2, which also respond to LCBs and regulate Ypk1/2 activity, 

are also involved in heat stress adaptation since Orm phosphorylation in 

response to heat is no longer observed when Pkh1/2 activity is absent 

[70]. 

 Importantly, a loss of function mutation in  Orm2 also suppresses 

the temperature sensitive (ts) growth of ypk1tsypk2Δ cells [71], further 

supporting the key role of Ypk1 in the regulation of Orm signaling and 

sphingolipid biosynthesis. 

Roelants et al. showed that YPK1 overexpression conferred 

resistance to myriocin while ypk1 cells are extremely sensitive to this 

drug [72]. Also, Ypk1 phosphorylation state fluctuates according to 

sphingolipid levels in cell and it regulates flippases which are enzymes 

that require mannosyl-inositol phosphoryl-ceramide for their optimal 

function [73].  

 

Since sphingolipid homeostasis in the yeast model of NPC1 is 

compromised [25] and LCBs activate indirectly the de novo synthesis of 

sphingolipids through Pkh1-Ypk1, the assessment of this pathway 

activity is crucial to unravel the mechanism beyond the disease.  

Even though the yeast and mammal models are different, 

Rodriguez-Escudero notice some similarities in the PI3K/PTEN/Akt 

pathway in which PDK1 (Pkh1 orthologue) is involved [64]. That 

information is of great value because it strengthens the purpose of 

studying diseases, such as Niemann-Pick Type C, in yeast modes:  it will 

have direct impact on mammal models. 

This work is part of a major research line that focuses on the 

characterization of the molecular mechanisms underlying the NPC1 

pathophysiology. Using yeast as an eukaryotic model, the main goal is to 

understand the possible crosstalk of sphingolipid and calcium 

homeostasis in this disease. Specifically, this work aims to unravel if 
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TORC2-Ypk1 and Pkh1-Ypk1 signaling pathways contribute to ncr1 

cells phenotype. Also, the role of sphingolipids and phosphoinositides in 

Pkh1 deregulation in ncr1 cells was evaluated.  
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2.1 Yeast strains, plasmids and growth 

conditions 

The Saccharomyces cerevisiae strains used in this study are listed 

in Table 1.   

 

Table 1 – S. cerevisiae strains and plasmids used in this study. 

Strain Genotype Source 

S. 

cerevisiae 

  

WT* Mata,his31,leu20, 

met150,ura30 

EUROSCARF 

ncr1 BY4741 ncr1::URA3  [25] 

ncr1* BY4741 ncr1::KanMX4  [25] 

ncr1  

Pkh1-

mCherry 

BY4741 ncr1::URA3  

PKH1-mCherry::KanMx4 

 This Study 

ypk1 BY4741 ypk1::KanMx4 EUROSCARF 

ncr1ypk1 BY4741 ypk1::KanMx4 

ncr1::URA3  

This study 

pkh1 BY4741 pkh1:: KanMx4 EUROSCARF 

pil1* BY4741 pil1:: KanMx4 EUROSCARF 

ncr1pil1 BY4741 ncr1::URA3 pil1:: 

KanMx4 

This study 

WT 

Pkh1-

mCherry 

BY4741 PKH1-

mCherry::KanMx4 

This Study 

TWY798  W303  

SLM1-GFP::KanMx4  

LSP1-RFPmars::Nat  

 [51] 
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TWY798 

ncr1 

 

W303 ncr1::URA3  

SLM1-GFP::KanMx4  

LSP1-RFPmars::Nat 

This study  

*Strains harboring pRS426GFP2×PH(PLCδ) are indicated. 

 

Saccharomyces cerevisiae BY4741 was used as the parental strain 

in this study.  Yeast cells were grown in aerobically conditions, using the 

1:5 ratio of medium:volume of flask, at 26ºC in a shaker at 140rpm. Cells 

were grown to early exponential (OD600 = 0.6) or late-exponential (OD600 

= 1-2) phases and to post-diauxic shift phase (OD600 = 7-9). The strains 

were growth in different media: YPD, yeast extract peptone dextrose [1 

% (w/v) yeast extract, 2 % (w/v) bacteriological peptone, , 2 % (w/v) 

glucose]; MM, minimal medium [0.67 % (w/v) yeast nitrogen base without 

amino acids, 2 % (w/v) glucose, supplemented with 0.004 % (w/v) 

histidine, 0.008 % (w/v) leucine, 0.004 % (w/v) methionine or 0.004 % 

(w/v) uracil]; SC, synthetic complete drop-out medium [0.67% (w/v) yeast 

nitrogen base without amino acids, 2 % (w/v) glucose, supplemented 

with 0.008 % (w/v) histidine, 0.04 % (w/v) leucine, 0.008 % (w/v) 

tryptophan and 0.008 % (w/v) uracil]; SC-glycerol where glucose was 

replaced by 3 % glycerol; SC-glucose containing 1M Sorbitol. 

When indicated, parental cells were treated with 5M myriocin 

(Sigma) or with 140M Acetic Acid (Sigma) for 60 minutes.  

 

2.2 Construction of yeast mutants  

The disruption cassette used for generating TWY798ncr1, 

ncr1ypk1 and ncr1pil1 cells was obtained by amplification of 

MXURA3 with flanking regions of NCR1. Deletion strains were obtained 

by transformation with PEG/lithium acetate protocol (Gietz and 

Schiestl,1997). Briefly, yeast cells were grown to exponential phase in 

YPD, washed and resuspended in cold water. To 50 µl of cellular 

suspension it was added 240 L of 50 % (w/v) polyethylene glycol 3350 
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(PEG), 36 L of 1 M lithium acetate, 25 L of 5 mg/mL single stranded 

carrier DNA and 300-500 ng of disruption cassette or the same volume of 

water in the control. Cells were incubated at 26 ºC for 30 minutes and 

then at 42ºC for another 30 minutes. Afterwards, cells were washed and 

resuspended in minimal medium lacking uracil and incubated for 4 h at 

26ºC. After the recovery time, cells were plated in minimal medium 

lacking uracil. The same protocol was used for plasmid transformation 

with minor changes. Cells were transformed with 100 ng of plasmid; the 

incubation step was performed at 42ºC for 30 min and cells were then 

washed and plated in minimal medium lacking uracil.   

 

2.3  Polymerase Chain Reaction (PCR) 

procedure 

The primers and PCR programs used in this study are described in 

table 2. The correct integration of the MXURA3 disruption cassette were 

confirmed by PCR using the primers described in table 2. The ypk1 

mutant obtained from EUROSCARF was also confirmed by PCR using 

appropriate primers (table 2). The reaction mix used in each reaction 

contained 1 x Reaction Buffer (Thermo Scientific), 1.5 mM MgCl2 

(Thermo Scientific), 0.2 mM Fw primer, 0.2 mM Rv primer, 0.2 μM 

dNTPs (Thermo Scientific), 1 U GoTaq Polymerase (Thermo Scientific). 

PCR colony was performed by alkaline lysis. Brielfy, a single colony was 

resuspended in 20 mM NaOH and then heated for 15 minutes at 95ºC 

and the supernatant containing DNA was used in PCR.  
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Table 2 – PCR programs and primers used in this study 

 

 

 

 

 

Gene | 

Primers 

Annealing Temp (ºC)| Extension time 

ncr1::URA3 amplification 

Ext_NCR1_Fw_amplif:                  CCGTGGCTAATGTCACAACA 
Ext_NCR1_Rv_amplif:                  TTACGAGTGAAGCGTTCTGG 

  53ºC | 1:30 min 

YPK1 confirmation 

Ypk1_conf_Fw:                             
AGATGGATTTGATAGAGATGCAAAG 
Ypk1_conf_int_Rv:                       
TTTTAAAAGGAGAAGCTACTGCAAA 

  58ºC | 2:30 min 

ypk1::KanMx4 

Int_Kan_Fw:                                   
ACGTTTCGAGGCCGCGATT 
Ypk1_conf_int_Rv:                      
TTTTAAAAGGAGAAGCTACTGCAAA 

  56ºC | 1:30 min 

NCR1 confirmation 

Ext_NCR1_Fw_conf:                  
 AAGGTGCGAAATGACGGAAGA 
Int_NCR1_Rv_conf:                       
CGTCGTCCACAATCATTGCC 

 53ºC | 1:45min 

PKH1::mCherry amplification 

Fw_Pkh1_mCherry:  
GCTGGCAAGATCGACACAAATGCGG 
                                                        
AAAAACATGACACGGACAGATGAAA 
                                                       
AACGTACGCTGCAGGTCGAC 
Rv_Pkh1_mCherry:                       
TCCCCTTCACCATGTCTTACATATG 
                                                        
CATATATATATATTATCAAGCACAG 
                                                        
TTTCAATCGATGAATTCGAGCTCG 

49ºC | 2:30min 

PKH1 confirmation 

Pkh1_conf_int_Fw:                        
AAACCTAAAGTAGTATCGCCGAAGT 
Pkh1_conf_ext_Rv:                        
ATGATTCTATCCTGAAATACATGCC 

 

59ºC | 2:30min 
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2.4 Chronological lifespan and oxidative  

stress resistance assay 

Chronological lifespan was assessed in cells that were grown to 

PDS phase (t=0) at 26ºC and kept in medium overtime. To assess 

oxidative stress resistance, cells were grown in SC medium to 

exponential phase and treated with 1.5 mM of H2O2 for 1 hour. Viability 

was determined by standard dilutions in YPD plates, counted after 3 

days of growth and was expressed as the percentage of colony forming 

units (CFU) when compared to t=0 or relative to untreated cells. 

 

2.5 Oxygen consumption and growth on 

glycerol plates 

Oxygen consumption rate was measured using an oxygen electrode 

(Oxygraph, Hansatech) at 26ºC. Cells were grown to post diauxic phase 

in SC medium and 3x108 cells were resuspended in 1 mL of phosphate 

buffer. Data were analyzed using the Oxyg32 v2.25 software.  

To evaluate respiratory capacity, yeast cells were grown overnight 

at 26ºC in SC medium to exponential phase (OD600= 0.6). Cultures were 

then diluted to an OD600= 0.1 and fivefold serial dilutions were plated on 

SC-glucose and SC-glycerol medium containing 1.5 % agar (w/v). Cells 

were grown for 3-5 days at 26ºC. 

 

2.6 Western Blotting 

To evaluate differences in Ypk1 phosphorylation and protein levels,  

wild-type and ncr1 cells were grown in SC medium until exponential 

phase (OD600= 0.5-0.8) and harvested. Protein was extracted following 

the alkaline lysis protocol as described in [43]. Total protein extracts 

(50g) were separated in 9 % SDS-PAGE and transferred to a 
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nitrocellulose membrane (Hybond-ECL GE Healthcare) at 0.8 mA/cm2 

during 50 minutes. Membranes were blocked either in TTBS [TBS 

supplemented with 0.05% (v/v) Tween-20 (Merck)] containing 5 % non-

fat dry milk or TTBS containing 3 % Bovine Serum Albumin (Sigma 

Aldrich) for 1 hour. Afterwards, membranes were incubated with primary 

antibodies: mouse anti-phospho-PKC (pan) (zeta Thr410 (1:1000, Cell 

Signaling), rabbit anti-phosphoT662-Ypk1 (1:1000, kindly provided from 

R. Loweith), mouse anti-yeast phosphoglycerate kinase (Pgk1) antibody 

(1:30000, Molecular Probes) and goat anti-Ypk1 (1:500, Santa Cruz). 

After washing steps, membranes were incubated with the secondary 

antibodies anti-mouse IgG (1:2000; Molecular Probes), anti-rabbit 

(1:2000, Sigma) and anti-goat (1:500, Santa Cruz). Immunodetection of 

bands was performed by chemiluminescence, using a kit from Advasta 

(WesterBright ECL).  

 

2.7 Fluorescence Microscopy 

For detection and quantification of phosphoinositides in plasma 

membrane, cells were transformed with a plasmid expressing the PLC1δ 

PH domain fused with GFP [pRS426GFP-2×PH(PLCδ][63]. Cells were 

grown in SC medium to exponential or PDS. The images were obtained 

by fluorescence microscopy in live cells mounted in agarose covered 

slides (AxioImager Z1, Carl Zeiss). Equal exposure times were used for 

all strains and conditions. Images were analyzed by ImageJ v1.51n and 

the final figure was designed using Figure J tool [74] . 

 

2.8 Statistical analysis  

Data were represented as mean and standard deviation and 

analyzed for statistical meaning with GraphPad Prism (v6.0). Data were 

analyzed by one-way ANOVA and Dunn’s multiple comparison test. 
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3.1 Ypk1 is activated in ncr1 cells 

3.1.1  TORC2 and Pkh1-mediated phosphorylation of 

Ypk1 is increased in ncr1 cells 

It was previously shown that Ypk1 is a downstream target of both 

TORC2 and Pkh1 kinases [58,62] and that phosphorylation of Ypk1 

induces de novo synthesis of sphingolipids. Moreover, TORC2 is 

activated by plasma membrane stress, which could be caused by loss of 

sphingolipid homeostasis [51,65]. Regarding this, we hypothesized that 

Ypk1 could be activated in NPC1 yeast model. To prove this, Ypk1 

phosphorylation was assessed by Western Blotting using specific 

antibodies to T504 and T662 residues that are phosphorylated by Pkh1 

and TORC2, respectively. Wild type cells treated with myriocin, an 

inhibitor of sphingolipid synthesis, or treated with sorbitol (hypo-osmotic 

stress) were used as positive control for TORC2-dependent Ypk1 

phosphorylation [51]. Treatment with acetic acid was used as positive 

control for Pkh1-dependent Ypk1 phosphorylation. Our results showed 

that TORC2-dependent phosphorylation of Ypk1 increased in WT cells 

treated with myriocin or sorbitol, as expected (Fig.7-A). Also, WT cells 

presented an hyperactivation of Ypk1 by Pkh1 in the presence of acetic 

acid, as described previously (Fig.7-B). Notably, Ncr1-deficient cells 

presented higher levels of Ypk1 phosphorylated at T504 and T662 

residues when compared to WT (Fig. 7). The attempt to induce 

membrane stress with hypo-osmotic stress in these cells was 

unsuccessful, probably because the TORC2-Ypk1 pathway is already 

fully activated in ncr1 cells. The overall results confirm that Ypk1 is 

more phosphorylated by TORC2 and Pkh1 in NPC1 yeast model, 

commonly with a proportional increase of Ypk1 expression (Fig.7-C). 

These results suggest that changes in Ypk1 occur mainly at protein level. 
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Figure 7 – Ypk1 phosphorylation is increased by TORC2 and Pkh1 in ncr1 cells. Yeast cells were 
grown to exponential phase and wild type was treated with (A) myriocin, (B) acetic acid or (C) shifted to 
medium with sorbitol.  Proteins were analyzed by western blotting using anti-P(T662)-Ypk1 or anti-
P(T504)-Ypk1. Pgk1 was used for loading control. One representative experiment out of three is shown. 
*Unspecific band **band was very light to densitometer capture 
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3.2 YPK1 deletion attenuates changes in 

mitochondrial function and lifespan of ncr1Δ 

cells 

3.2.1  YPK1 deletion suppress mitochondrial  

dysfunctions of ncr1 cells 

Ypk1 is involved in cell survival by controlling several proteins that 

are responsible for balancing the amounts of different types of lipids in 

cell membrane. Considering this and the fact that ncr1 cells present a 

displacement of ergosterol distribution [25], there is a high probability that 

Ypk1 is involved in defects of sphingolipid homeostasis.  

TORC2-Ypk1 also regulate ROS produced from both mitochondrial 

and nonmitochondrial sources.   

On the other hand, ROS accumulation in Ypk1-AS mutants can be 

interrupted by using myxothiazol, a respiratory inhibitor that blocks 

Complex III of the electron transport chain thus establishing one of ROS 

accumulation source. Moreover, Fpk1 increased activity which is 

regulated by Ypk1, leads to ROS accumulation in the vacuole [55,75]. 

Since ncr1 cells display high amount of ROS, dysfunctional 

mitochondria [25] and increased activation of Ypk1, we questioned if 

deletion of Ypk1 could have significant changes in Ncr1-deficient cells. 

To assess if downregulating Ypk1 could have an impact on ncr1 

mitochondrial function, oxygen consumption rate and growth in glycerol 

plates were analyzed in ypk1 and ypk1ncr1 cells. Glycerol is a non-

fermentable carbon source, so yeast cells need to have healthy 

mitochondria in order to respire when plated in a glycerol containing 

medium. Previous results showed that ncr1 cells are unable to grow in 

the presence of glycerol due to its deficit on healthy mitochondria [25]. As 

shown in Figure 8-A, deletion of YPK1 had no effect on growth in glycerol 
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when compared to WT. More importantly, deletion of YPK1 in ncr1 cells 

rescued its growth defects on glycerol. The oxygen consumption rate 

was also assessed in these strains grown to PDS (respiratory shift). The 

results show that ypk1ncr1 cells presented an oxygen consumption 

rate similar to wild-type. (Fig. 8-B).  

The overall results showed that Ypk1 may also have an important 

role in the management of healthy mitochondria apart from its role in 

regulation of sphingolipid metabolism. Further studies are required to 

evaluate Pkh1-Ypk1 and TORC2-Ypk1 pathways impact on salvage of 

mitochondrial function. 

 

 

Figure 8 – Mitochondrial function was restored in ypk1ncr1 mutants. A – Yeast cells were grown to 
exponential phase and five-fold serial dilutions were plated either in SC-glucose or SC-glycerol medium. 
One of four experiments is shown. B – O2 consumption rate was measured in cells grown to PDS phase.  
* p<0.05; **** p<0.0001; two-way ANOVA and Dunn’s multiple comparison test. 
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3.2.2  Deletion of YPK1 increases lifespan and 

hydrogen peroxide resistance of NPC1 yeast model  

Yeast cells survival can be monitored by assessing chronological 

lifespan, which measures the length of time nondividing cells remain 

viable. Under normal growth conditions, healthier cells survive for a 

longer period of time than non-healthy cells [76].  

Previously, it was demonstrated that yeast model of NPC1 has a 

shortened lifespan when compared to WT in the same growth conditions 

[25]. Deletion of YPK1 restored mitochondrial function of ncr1 cells so 

we hypothesized that CLS is restored in these cells. The results show 

that YPK1 deletion increased lifespan of ncr1 cells to WT levels (Fig. 9-

A). Also, we analyzed hydrogen peroxide resistance and our results 

show that ypk1ncr1 cells had a 3-fold increase in resistance to 1.5 mM 

H2O2 when compared to ncr1 cells (Fig.9-B). These results suggest that 

Ypk1 activation also impairs the lifespan and oxidative stress resistance 

of ncr1 cells. More studies are required to evaluate the intracellular 

levels of ROS and how they regulate or are regulated by TORC2/Pkh1-

Ypk1 modulation in NPC1 yeast model.  
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Figure 9 – YPK1 deletion in ncr1∆ cells increases lifespan and oxidative stress resistance. A- 
Yeast cells were grown in SC-glucose medium at 26°C to PDS phase. Cells were maintained in the 
growth medium overtime. Cellular viability was measured at 2- to 3-day intervals and was 
expressed as % colony-forming units (aged versus day 0). Values are mean ± SD of at least three 
independent experiments. B-Yeast cells were grown in SC-Glucose medium to exponential phase 
(OD600=0.6) and then treated with 1.5 mM H2O2 during 1 hour. Cellular viability was measured as 
the percentage of the colony-forming unit (treated cells versus non-stressed cells). Values are 

mean ± SD of at least three independent experiments. *p<0.05; ** p<0.01; two-way ANOVA and 

Dunn’s multiple comparison test 

 

3.3 Pkh1 activity may be regulated 

by eisosomes and plasma membrane lipids on 

ncr1 cells 

 

3.3.1  Eisosomes are direct regulators of Pkh1 activity 

on ncr1 cells 

Plasma membrane organization in eisosomes and domains 

containing TORC2 is crucial for detection of any alteration in sphingolipid 

levels and membrane stress [51]. Nonetheless, it is known that Pkh1 

activity is dependent on stability of eisosomes. While some say that Pkh1 

phosphorylation of Lsp1 and Pil1 promotes eisosome assembly [27], 
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others show different opinions [77]. Still, it is possible that Pkh1 activity is 

controlled by eisosomes and vice-versa. 

Although the exact role of eisosomes stability in Pkh1 activation is 

not fully understood, we analyzed how deletion of PIL1 impact on Pkh1 

activity in ncr1 cells. For that, we performed a western blot analysis to 

detect Pkh1-dependent phosphorylation of Ypk1 in pil1 and pil1ncr1 

cells. As shown in Figure 10, Pkh1-dependent phosphorylation of Ypk1 

(T504) in both pil1 and pil1ncr1 cells was similar to the observed in 

wild-type cells (Fig. 10A). We also analyzed the levels of Sch9 

phosphorylation, another downstream target of Pkh1, in these cells. Our 

preliminary results demonstrate that deletion of PIL1 also decreased 

Sch9 phosphorylation by Pkh1 (Fig. 10B). These results support a role of 

eisosomes assembly in the activation of Pkh1 in the yeast model of 

NPC1. 

 

 

Figure 10 – Pkh1 is activated by eisossome stability in ncr1 cells. Yeast cells were grown to 
exponential phase and treated as described in Material and Methods. Proteins were analyzed by western 
blotting using anti-phospho(T504)-Ypk1 and anti-phospho(T570)-Sch9.  Pgk1 was used for loading control. 
One representative experiment is shown.    
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3.3.2  Distinct distribution of phosphatidylinositol 4,5 

bisphosphate in the plasma membrane of ncr1 cells 

So far, our results point to a critical role for eisosomes in the 

activation of Pkh1 in the yeast model of NPC1. Besides LCBs, Pkh1 

activity may also be modulated by others plasma membrane lipids like 

PIP2. In fact, Pkh1 recruitment to plasma membrane and further 

activation depends on PIP2 levels [63,64].  Concerning these facts, we 

questioned if PIP2 may also impact on Pkh1 activity. We transform WT 

and ncr1∆ cells with pRS426GFP2×PH(PLCδ) plasmid [63] that 

expresses a GFP tagged PH domain (pleckstrin homology domain of 

phospholipase C-δ1, a phosphoinositide-binding domain). Our 

preliminary results showed a uniform distribution of PIP2 in the plasma 

membrane of wild-type cells but not of ncr1∆ cells in which GFP-

2×PH(PLCδ) was observed in the intracellular compartment as well as 

the plasma membrane (Fig 11). We also analyzed PIP2 levels in pil1∆ 

cells, as a positive control, and we observed a uniform distribution of 

PIP2 in the plasma membrane and the appearance of a spot in the 

periphery. More studies are required to confirm that PIP2 levels are 

decreased or delocalized in ncr1∆ cells and its connection with Pkh1 

activity and Slm1 localization. Also, the effect of PIL1 deletion in ncr1∆ 

cells needs further investigation.  
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Figure 11 – The ncr1 cells have an altered distribution of PtdIns(4,5)P2 at plasma 

membrane. Fluorescence microscopy of indicated yeast strains expressing a 

PtdIns(4,5)P2reporter [2×PH(PLCδ)] and grown to PDS phase. Top, mid sections and maximum 

intensity projections of representative cells are shown. Scale bar: 5µm. 
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Niemann-Pick type C1 is an autosomal recessive lysosomal storage 

disease clinically characterized by hepatosplenomegaly and severe 

neurological dysfunction. At cellular level, NPC1 disease is caused by 

cholesterol entrapment inside late endosomes/lysosomes and 

sphingolipid imbalance due to defects in NPC1 or NPC2 proteins 

(reviewed in [3]).  

A dysregulation in sphingolipid homeostasis in diseased cells 

impact on the activation of important signaling pathways that modulate 

mitochondrial function, sphingolipid homeostasis and ultimately cell 

survival/death [36,53,78]. Ypk1, a yeast ortholog of SGK1, is a 

downstream target of TORC2 and Pkh1 and an important regulator of 

sphingolipid biosynthesis. Ypk1 directly modulates SPT function through 

regulation of Orm1/2 phosphorylation status in ER [66].  

Yeast has been used as a valuable model to unravel molecular 

aspects of NPC1 pathophysiology [25,79,80]. Previous work has 

demonstrated that a yeast model of NPC1 accumulates long chain 

bases, particularly phytosphingosine (PHS), a similar feature conserved 

in mammalian NPC1 cells. The accumulation of PHS leads to activation 

of Pkh1 and downstream target Sch9 that contribute to mitochondrial 

function disruption and shortened lifespan [25]. Also, changes in 

ceramide levels, due to an increase of ceramide synthase levels, were 

detected in ncr1 cells (unpublished data), Ceramide modulate Sit4, a 

ceramide activated protein phosphatase, that also contributes to 

mitochondrial dysfunction and shortened lifespan of ncr1 cells 

(unpublished data).  

In this work, we investigated the role of Ypk1 activation by TORC2 

and Pkh1 in mitochondrial function and lifespan of ncr1 cells.  

Previous studies showed that Pkh1 activity is increased in ncr1 

cells resulting in higher levels of Sch9 protein target and its 

phosphorylation status [25]. In this work, we demonstrate that Pkh1-

dependent phosphorylation of Ypk1 (T504) is increased in Ncr1-deficient 

cells when compared to the wild-type. Also, TORC2-dependent 



FCUP | ICBAS 
TORC2/Pkh1-Ypk1 pathway is activated in a yeast model of Niemann-Pick Type C1 
disease 

 
 
 
 

 

50 

phosphorylation of Ypk1 (T662) is increased in ncr1 cells. Our results 

also support that TORC2-Ypk1 pathway is fully activated, as shifting 

ncr1 cells to sorbitol supplemented medium (a membrane stress 

condition) has not induced more activation. It is possible that activation of 

Ypk1 in ncr1 cells may also result from sphingosine-mediated 

autophosphorylation, a mechanism previously described [40].  

Apart from being a  master regulator of sphingolipid homeostasis 

[54], Ypk1 also modulates ROS production [55]. Our results showed that 

downregulation of Ypk1 signaling suppresses the defects in respiratory 

capacity and the oxygen consumption rate of ncr1 cells. These results 

support the hypothesis that Ypk1 may also modulate mitochondrial 

function. Consistently, other studies have demonstrated that Ypk1 

regulates ROS produced in mitochondria [52,75]. It is possible that Ypk1 

may also impact on mitochondria function through regulation of direct 

targets on this organelle.  

Mitochondrial fitness is fundamental for cell survival in stationary 

phase. Consistent with a recovery of mitochondrial function and integrity, 

the defective chronological lifespan was also recovered by deletion of 

YPK1 in ncr1 cells. Consistent with an amelioration of mitochondria 

function, YPK1 deletion also suppresses the sensitivity of ncr1 cells to 

oxidative stress. Further studies are required to measure ROS levels in 

YPK1 deleted strains and to measure vacuole acidification, as changes 

on vacuole function may also compromise mitochondria integrity [52] 

The results obtained led us to investigate what are the upstream 

activators of TORC2 and Pkh1. The TORC2 is localized in plasma 

membrane and senses membrane stress, triggering Ypk1 and Ypk2 

activation. The recruitment of Ypk1 to plasma membrane and further 

activation by TORC2 requires the activity of Slm1, as Ypk1 lack an 

identifiable lipid-binding domain. In the attempt to characterize how Slm1 

and eisosomes stability may impact on the activation of TORC2, we 

aimed to use fluorescence microscopy to assess the localization of Slm1 

and Lsp1 (eisossome marker) in wild-type and ncr1 cells. For that, a 



FCUP | ICBAS 
TORC2/Pkh1-Ypk1 pathway is activated in a yeast model of Niemann-Pick Type C1 

disease 

51 

 
 

strain expressing a GFP-tagged version of Slm1 and a mars-tagged 

version of Lsp1 (kindly provided by R. Loewith) was used. We have tried 

to perform these experiments, but we were not able to delete NCR1 in 

these cells in time for this work. Previous results from Berchtold et al. 

revealed that in basal conditions Slm1-GFP signal co-localized with 

Lsp1-mars. On the other hand, when cells were treated with myriocin to 

decrease sphingolipid synthesis the signals no longer co-localized [51]. 

Hence, we hypothesized that changes in sphingolipid distribution and or 

levels may contribute to the activation of TORC2-Ypk1 pathway in ncr1 

cells, but further studies are required to evaluate this hypothesis. 

Although the molecular events leading to activation of Pkh1/2 

kinases are poorly understood, several studies support a role of Pkh1 in 

the regulation of eisosomes integrity while its activity also depends on it 

[81,82]. In fact, the major eisosome components Pil1 and Lsp1 are 

phosphorylated by Pkh-kinases in vitro [83]. This led us to pursue if 

activation of Pkh1 in ncr1 cells result from displacement of eisosome 

stability. Our results show that Ypk1 (T504) phosphorylation decreases in 

ncr1pil1 double mutants, comparing with ncr1 cells. Thus, Pkh1 may 

also be activated by a mechanism independent of LCBs.  

Eisossomes are also reservoirs of phosphoinositides and 

membrane interactions of Pil1 and Lsp1 also depend on PI(4,5)P2 [84]. 

Therefore, alterations of PI(4,5)P2 levels reduce plasma membrane 

association of Lsp1 and Pil1 [85]. Also, phosphoinositides are known 

activators of Pkh1 [64].  

Our results showed that the distribution of PIP2 in the ncr1 cells is 

different from the observed in wild-type cells. Even though the 

distribution of signal across the plasma membrane is different, more 

studies concerning Pkh1 levels and localization are needed to assess the 

correlation between PIP2 distribution and Pkh1 activity. Additionally, 

assessing the localization of Pkh1 in the eisosomes would be helpful to 

fully understand the role of Pil1/Lsp1 phosphorylation in Pkh1 activity and 

further activation of Ypk1. 
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Taken together, our findings implicate eisosome stability and 

activation of Pkh1-Ypk1 and TORC2-Ypk1 signaling in ncr1 cells 

phenotype. Downregulation of Ypk1 improves lifespan, mitochondrial 

function and oxidative stress resistance in a yeast model of NPC1. 

Future studies are required to assess if these pathways also modulate 

cell death in NPC1 mammalian cells. Still, our findings may contribute to 

novel therapeutic strategies towards NPC1 pathophysiology.  
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