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Abstract 

 The Niemann-Pick type C1 (NP-C1) disease is a rare and recessively inherited 

neurodegenerative disease that onsets mostly in children from 2-15 years of age due to 

cholesterol traffic defects and sphingolipid accumulation in late endosomes and 

lysosomes. These alterations result from defects in endocytic traffic caused by loss-of-

function point mutations in NPC1, an endolysosomal protein that is linked to the vesicular 

transport of cholesterol and other lipids out of lysosomes. The cellular mechanisms that 

result from the imbalance in lipid homeostasis and that promote cellular function decline 

in NP-C1 are undetermined. We questioned the importance of sphingolipids in the 

expression of the cellular phenotypes of Niemann-Pick type C1 due to their role in 

endocytosis, cell senescence and lysosomal calcium alterations. 

 Saccharomyces cerevisiae lacking NCR1 (ncr1Δ), the yeast ortholog of NPC1, 

has been used as a model for NP-C1 and presents severe mitochondrial defects and a 

shortened life span by a mechanism dependent of Pkh1-Ypk1 signalling. Consistent with 

Ypk1 activation, the abundance of simple sphingolipids (sphingosines and ceramides) is 

increased in ncr1Δ cells similarly to NP-C1 cells. Moreover, previous results implicated 

calcineurin activation, a calcium-activated phosphatase involved in complex sphingolipid 

synthesis, in the sensitivity of ncr1Δ to calcium, which is consistent with lysosomal 

calcium alterations in this disease. The purpose of this thesis was to characterize how 

eisosomes, regulators of Pkh1-Ypk1 signalling, and Ypk1 impact the regulation of 

sphingolipid synthesis and in the cellular death phenotypes of NPC1. Moreover, we 

investigated the activation of calcineurin and its role in the mitochondrial function of 

ncr1Δ cells.  

Our results demonstrate that Pil1, an eisosome subunit, is necessary for Pkh1-

Ypk1 signalling in ncr1Δ cells. Moreover, PIL1 deletion rescued mitochondrial respiration 

defects and the shortened chronological lifespan of ncr1Δ cells. Also, preliminary data 

suggest that the expression of the ceramide synthase subunit Lag1 is increased by an 

Ypk1-independent mechanism and that it localizes in punctuate structures in the 

endoplasmic reticulum of ncr1Δ. On the other hand, the calcineurin-Crz1 pathway was 

activated in ncr1Δ but had no contribution for the mitochondrial defects of the yeast 

model for NP-C1.  

The overall results suggest that stability of eisosomes is an important upstream 

regulator of Pkh1-Ypk1 signalling that contribute to the mitochondrial and life span 

defects of ncr1Δ cells. With the generalized accumulation of sphingosine and ceramide 

species in a yeast model for NP-C1, the increased expression and the altered subcellular 
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localization of Lag1 goes hand in hand with the possible activation of calcineurin and its 

role in complex sphingolipid synthesis to suggest that the yeast model of NP-C1 has an 

alteration in the metabolic flux associated to sphingolipid synthesis.  

 

Keywords: Niemann-Pick type C1, sphingolipid-mediated signalling pathways, S. 

cerevisiae, eisosomes, calcineurin, calcium, Crz1, mitochondrial disease, Ypk1, Pkh1, 

Lag1, Pil1,  
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Resumo 

 A doença de Niemann-Pick tipo C1 (NP-C1) é uma doença neurodegenerativa 

rara que é herdada de forma recessiva e que afeta sobretudo crianças dos 2-15 anos 

de idade por causa de defeitos no transito de colesterol e de acumulação de 

esfingolípidos nos endossomas tardios e lisossomas de células humanas. Estas 

alterações na via endocítica são causadas por mutações pontuais de perda de função 

na proteína NPC1, uma proteína endolisossomal que está ligada ao transporte vesicular 

de colesterol e outros lípidos para fora dos lisossomas. Pouco se sabe sobre os 

mecanismos moleculares que contribuem para o declínio celular nesta doença. Neste 

sentido, questionamo-nos sobre o papel dos esfingolípidos na expressão dos fenótipos 

celulares da doença de NP-C1, devido ao facto destas moléculas estarem associadas 

a eventos de endocitose, envelhecimento celular e alterações da homeostasia do cálcio 

lisossomal.  

 A levedura Saccharomyces cerevisiae com o gene ortólogo NCR1 deletado 

(ncr1Δ), tem sido usada como modelo para a doença de NP-C1, apresentando defeitos 

mitocondriais severos e uma redução na sua longevidade de vida celular por 

mecanismos dependentes da via de sinalização Pkh1-Ypk1. Consistente com a ativação 

da Ypk1, o modelo ncr1Δ apresenta uma acumulação de esfingolípidos simples 

(esfingosinas e ceramidas), evento que é conservado nas células dos doentes. 

Resultados anteriores demonstraram que a ativação da calcineurina, uma fosfatase 

envolvida na síntese de esfingolípidos complexos ativada por cálcio, estaria envolvida 

na sensibilidade do modelo ncr1Δ ao stress mediado por cálcio, consistente com 

possíveis alterações do cálcio lisossomal descrito na doença humana. O propósito desta 

tese será entender como os eisossomas, reguladores da via de sinalização Pkh1-Ypk1, 

e a Ypk1 afetam a regulação da síntese de esfingolípidos e os fenótipos de morte celular 

da doença NP-C1. Também será investigada a ativação da calcineurina e o seu papel 

na regulação da função mitocondrial no modelo ncr1Δ. 

 Os nossos resultados demonstram que o Pil1, uma subunidade dos eisossomas, 

é necessária para a ativação da via Pkh1-Ypk1 no modelo ncr1Δ. Consistentemente, a 

deleção do gene PIL1 reverteu os defeitos na respiração mitocondrial e consequente 

redução da longevidade de vida celular do modelo ncr1Δ.  Verificou-se ainda que a 

expressão da LAG1, subunidade da ceramida sintetase, estava aumentada por um 

mecanismo independente da Ypk1 e que esta se encontrava em estruturas pontuadas 

no retículo endoplasmático do ncr1Δ. Por outro lado, a via de sinalização calcineurina-
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Crz1 está ativada no ncr1Δ, mas não parece mediar a função mitocondrial no modelo 

de levedura para a doença de NP-C1. 

 No geral, os resultados demonstram que os eisossomas são estruturas que 

regulam a ativação da via de sinalização Pkh1-Ypk1 no modelo de levedura para a 

doença de NP-C1. Com a acumulação generalizada de espécies de esfingosina e 

ceramida nestas células, o aumento da expressão da proteína Lag1 e a alteração da 

sua localização subcelular é consistente com uma possível ativação da calcineurina e o 

seu papel na síntese de esfingolípidos complexos para sugerir que este modelo tem 

uma alteração no fluxo metabólico associado à síntese de esfingolípidos. 

  

Palavras-chave: Niemann-Pick tipo C1, sinalização mediada por esfingolípidos, S. 

cerevisiae, eisosomas, calcineurina, cálcio, Crz1, doença mitocondrial, Ypk1, Pkh1, 

Lag1, Pil1. 
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1.1. Overview of the Niemann-pick type C 

disease – from genes to disease. 

 

1.1.1. Definition, epidemiology and diagnosis 

The Niemann-Pick type C (NP-C) diseases are progressive autosomal recessive 

disorders that are caused by mutations in either the NPC1 (OMIM#257220) or NPC2 

(OMIM#607625) genes. Mutations in either gene present very similar alterations in 

endosomal-lysosomal trafficking and lead to the accumulation of a plethora of lipids like 

sphingosines, glycosphingolipids, sphingomyelins and low-density lipoprotein-derived 

cholesterol species [1-3]. As such, NP-C are considered Lysosomal Storage Diseases 

(LSD), a group of complex disorders that also include Gaucher, Tay-Sachs and 

Niemann-Pick type A and B diseases. Differences between the phenotypes of the NPC1 

mutant variants (NP-C1) and the NPC2 mutant variants (NP-C2) have been difficult to 

find. It is widely accepted that both variants have very similar NP-C phenotypes because 

of the almost equal and superimposing clinical symptoms. In line with this, a biochemical 

marker to discern between variants is unknown. 

NP-C is a rare disease with an estimated minimal incidence of 1 to 120.000 births 

in Europe[4]. Around 95% of cases are perpetrated by NPC1 variants while the rest 

originate from NPC2 variants (around 5%). Life expectancy can vary greatly per case 

but is dependent on age onset. This also defines the classification of NP-C, from infantile, 

juvenile and adult forms. Visceral-neurodegenerative forms tend to manifest in an early-

infantile period (<2 years), neurodegenerative forms tend to manifest in late-infantile and 

juvenile periods (2-15 years) while psychiatric-neurodegenerative forms tend to express 

in periods thereafter. Visceral manifestations are mostly liver related and present 

themselves as hepatosplenomegaly, cholestatic jaundice or in some cases as acute liver 

failure[5]. Neurodegenerative signs are observed through progressive cognitive decline 

(learning disabilities, loss of language skills) and loss of muscle coordination and 

response (dysphagia,dysarthia,dystonia,ataxia). Psychiatric disorders include psychosis 

and depression. The most common onset happens between late-infantile and juvenile 

periods thus explaining why NP-C is commonly denominated as a neurovisceral 

disorder. Regarding life expectancy, early age onsets have a rapidly progressive and 

fatal prognosis, while adults tend to live longer with chronic neurodegeneration. 

 Cholesterol accumulation was one of the first markers identified for NP-C, which 

could be visualized by filipin staining of cultured patient fibroblasts[3, 6]. Today, this 
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staining is used in the final steps of the differential diagnosis of the disease but is 

proceeded after NPC1 and NPC2 sequencing and detection of plasma biomarkers like 

elevated cholestane-triol and lysosphingomyelin-509 with a normal or slightly elevated 

lysosphingomyelin (Figure 1)[5]. Other biomarkers like 3β-sulfooxy-7β-N-

acetylglucosaminyl-5-cholen-24-oic acid and its glycine- and taurine-conjugates in urine 

or Bis(monoacylglycero)phosphate in liver and spleen tissues of NP-C have been 

detected and could be of clinically useful in the future[7, 8]. Yet, these biomarkers and the 

lipid accumulation are associated with the onset of the other Niemann-Pick diseases, 

namely Niemann-Pick type A and B, and are not suitable for a direct and conclusive 

clinical diagnosis by themselves. 

 

Figure 1 – A differential diagnosis diagram for NP-C detection. As seen in [5]. Abbreviations: GD: Gaucher 
disease;ASMD: acid sphingomyelinase deficiency; EM: electron microscopy; VUS: variant of unknown significance; 
MLPA: Multiplex Ligation-dependent Probe Amplification (evaluates copy number changes, allows detection of large 
deletions or false homozygous status with a deletion on the other allele); lysoSM: lysosphingomyelin.  a - Elevated 
cholestane-triol or bile acid derivative and/or lysoSM-509, with normal or slightly elevated lysoSM. b - Cholestane-triol 
also elevated in ASMD, acid lipase deficiency, cerebrotendinous xanthomatosis, certain neonatal cholestasis conditions. 
All lysoSM analogues and bile acid derivative are elevated in ASMD. c- I-cell disease (ML-II and -III) gives a false positive 
result (very different clinical features). d - ASMD can give a similar filipin pattern. e - Check allele segregation by parental 
study or other test.  

1.1.2. NPC1 - Insights on protein structure and function 

 

The exact function of NPC1 still remains elusive but some functional hints can be 

expected by looking at protein structure and homology with other similar proteins. NPC1 

is a protein with 13 transmembrane segments and a small intramembrane domain 

homologous to the sterol sensing domain (SSD). The SSD domain is present on other 



 
FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

4 

proteins like the sterol regulatory element-binding protein cleavage-activating protein 

(SCAP) and the 3-hydroxy-3-methyl-glutaryl coenzyme A reductase (HMGCR) protein in 

humans to allow binding to cholesterol. Similarly, The SSD-like domain in NPC1 allows 

binding to cholesterol and U18666A, a structural mimetic of cholesterol known for its role 

in the inhibition of intracellular cholesterol transport (Figure 2). Moreover, sorting of 

NPC1 to late-endosomes/lysosome structures has been shown to involve the SSD 

domain [9, 10]. 

 

Figure 2 – Surface representation of NPC1 bound to Cholesterol and U18666A. . Image adapted from [11], 
supplemental material. 

 Besides the importance of the SSD domain in protein targeting, it is also 

hypothesised that this domain holds key functions in cholesterol egress out of the 

lysosomes. Cholesterol-bound NPC2 can hand-down cholesterol to NPC1 to promote its 

insertion into the lysosomal membrane[12, 13]. Interestingly, NPC1 is also capable of 

handing out cholesterol to NPC2 for its insertion into the lysosomal membrane, hinting 

for another pathway - redundant to NPC1 transport - for cholesterol insertion into the 

lysosomal membrane[12, 14-16]. Removal of the SSD domain leads to a cholesterol build 

up in lysosomes [17].

The NPC1 SSD domain also seems to play a role in subcellular sphingolipid 

distribution. An epidemiological study on NP-C1 identified that 19.4% of the missense 

mutations in NPC1 that express NP-C1 are located in the SSD-like domain[18].Also, 

mutating the putative SSD domain of the yeast ortholog of NPC1 - Ncr1 - led to the 

accumulation and redistribution of sphingolipids to the vacuole and other membrane 

compartments[19].  
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Curiously, there are indications that lysosomal cholesterol can regulate NPC1 

subcellular location. NPC1 locates mostly to lysosomes but some localization in late-

endosomes is observed[20]. In cholesterol laden cells, NPC1 localizes more abundantly 

in late endosomes through alterations in tubovesicular traffic[17, 21]. Indeed, the mode of 

action of NPC1 seems to revolve around the insertion on cholesterol into lysosomes and 

cholesterol surplus promotes the migration of NPC1 to late-endosomes to cope with 

cholesterol build-up and maintain lysosomal homeostasis. Consistent with a possible 

regulatory pathway for NPC1 function that is dependent on cholesterol, mRNA-NPC1 

levels increase and decrease when sterol metabolism is downregulated or upregulated, 

respectively[22, 23]. 

In a similar fashion to cholesterol-mediated alterations in the organellar location 

of NPC1, lysosomotrophic amines, like neutral red or imidazole, lead to lysosomal 

accumulation of NPC1, promoting the fusion of late-endosomes with lysosomes[20]. Efflux 

of these amines is NPC1-dependent, which suggests that NPC1 may also be important 

for vesicular endocytic traffic and resistance against toxic agents[17, 20]. In line with this, 

the human NPC1 amino acid sequence suggests that NPC1 belongs to the Resistance-

Nodulation-Division (RND) superfamily of prokaryotic permeases, which are known for 

their unspecific efflux of various toxic compounds like antibiotics[9, 24, 25]. 

Resuming, NPC1 is required for proper cholesterol insertion into the lysosomal 

membrane and to deal with lysosomal accumulation of toxic compounds. With the 

insertion of cholesterol into the lysosomal membrane by NPC1, vesicular traffic is 

facilitated and should diffuse cholesterol into other organelles. To deal with lysosomal 

cholesterol accumulation, a partial result of NPC1 function, NPC1 location is shifted to 

late-endosomes and the expression of mRNA-NPC1 levels is downregulated to reduce 

cholesterol insertion into lysosomes by NPC1 and to maintain cholesterol homeostasis. 

With toxic compounds, as seen with some lysosomotrophic amines, NPC1 accumulates 

in lysosomes to favour cholesterol accumulation in this organelle which will promote the 

diffusion and efflux of these toxic compounds. Loss of normal NPC1 function disables 

the cell of necessary coping mechanisms to deal with cholesterol accumulation and 

redistribution of not only toxic compounds but also other lipids like sphingolipids. 

 

1.1.3.  Role of sphingolipids and calcium signalling in NP-C1 

expression  

While cholesterol is in the centre of NPC1 function and regulation, its role as the 

sole metabolite in NP-C1 phenotypes has been challenged. There are other diseases 
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with cholesterol accumulation that still have a functional NPC1 and also the use of 

cholesterol reduction therapies has low clinical benefit for NP-C1 patients[26, 27]. Also, 

cholesterol is still transported out of lysosomes in NPC1-null fibroblasts[28, 29]. Thus, other 

metabolites should be involved in the disease. As referred earlier, an accumulation of 

simple and complex sphingolipids is observed in NP-C1[30]. Because these lipids are 

important membrane structure components and known signalling molecules, the role of 

sphingolipids should be considered in NP-C phenotypical expression (see section 1.2 for 

sphingolipid metabolism). 

 Glycosphingolipids, such as the monosialotetrahexosylganglioside (GM1) and 

disialotetrahexosylganglioside (GM2), are one the most abundant types of sphingolipids 

stored in the brain of NP-C1 patients[31, 32]. GM2 accumulation is also present in NP-C1 

fibroblasts. In the latter case, accumulation results from a reduction of 

glucosylceramidase (GCase) activity due to a reduction in the mobility of various GCase 

lipid cofactors associated with alterations in endocytic traffic[33]. Glycosphingolipids are 

the most abundant class of sphingolipids in cells and they are known for their role in 

adhesion, mobility and growth through membrane glycosphingolipid-enriched 

microdomains[34]. Dealing with glycosphingolipid accumulation in NP-C1 patients treated 

with miglustat, a  competitive substrate for Glucosylceramide synthetase, revealed a 

consistent improvement of several clinical manifestations relative to standard care[35-37]. 

This indicates that complex sphingolipid synthesis and abundance are important for the 

pathophysiological expression of this disease. 

Sphingomyelin also accumulates in NP-C1 fibroblasts[27, 38, 39]. It seems that this 

is due to an alteration of the lysosomal acid sphingomyelinase location and activity, even 

though protein levels are normal[40]. Interestingly, transfection of NPC1-deficient Chinese 

ovary hamster (CHO) cells with wild type acid sphingomyelinase (SMase) or incubation 

with purified SMase decreases cholesterol accumulation as observed through filipin 

staining[40]. Other reports also showed that sphingomyelin accumulation happens in a 

similar time frame to cholesterol[38]. Thus, sphingomyelin accumulation and catabolism 

also play a role in cholesterol homeostasis and reiterates the importance of sphingolipids 

in NP-C phenotypical expression.  

Sphingosine accumulation observed in liver, spleen and brain of NP-C1 patients 

is commonly attributed as a discerning factor between NP-C1 and other lysosomal 

storage diseases[30, 38, 41]. There are various indications that sphingosine can be one of 

the key metabolites in NP-C1. Some studies have showed that sphingosine mediates 

alterations in the lysosomal calcium concentration efflux[42]. Moreover, NPC1-null mice 
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present a reduction of calcium storage in lysosomes as a result of sphingosine 

accumulation in this organelle[38]. A defective calcium release seems to be responsible 

for the endocytic traffic defects observed in NP-C cells. Indeed, proteins from the soluble 

NSF attachment protein receptor (SNARE) family require calcium to mediate vesicular 

fusion events and treatment of NPC1-null mice with curcumin, a sarcoendoplasmic 

reticulum ATPase (SERCA) antagonist, to mimic calcium efflux from the lysosomes 

increased their survival and motor control (less tremors)[38]. Thus, sphingosine-related 

lysosomal calcium alterations are important for the vesicular traffic of NP-C1. 

 

Lysosomal calcium signalling can regulate autophagy by the action of 

Transcription factor EB (TFEB)[43, 44]. TFEB activation is mediated by calcineurin, a 

calcium activated phosphatase[43]. Thus, sphingosine can induce autophagy in a 

lysosome-derived and calcium-dependent manner through activation of calcineurin and 

TFEB.  Interestingly, autophagy is induced in NP-C1 cells[45-47]. Yet, progression of 

autophagy seems to be compromised due to failure of the SNARE machinery[45, 46, 48]. 

This leaves open ended questions regarding the role of calcium signalling and 

sphingosine (and sphingolipids in general) in NP-C1 phenotypes such as the endocytic 

defects which are an intracellular hallmark not only in NP-C1 but also in other LSDs. 

 

1.2. Sphingolipid metabolism in yeast and 

mammals 

 The yeast S. cerevisiae has been extensively used as an eukaryotic model to 

unravel the molecular mechanisms underlying mammalian cell functions. The ease in 

manipulation and the amenability to genetic modifications of S. cerevisiae allows for large 

scale high throughput screenings of protein and study of gene interactions and 

functions[49-51]. Moreover, the conserved function and structure of yeast proteins with their 

human orthologs has yielded precious information about the human metabolism, 

including sphingolipid metabolism (Figure 3) and the molecular and cellular aspects of 

neurological pathologies [25, 52-54]. 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

8 

 

Figure 3 – Comparison of sphingolipid biosynthesis and catabolism in mammals and yeast Image adapted from 
[55]. 

An extensive homology between the sphingolipidome and the sphingolipid 

synthesis enzymes between yeast and mammals exists, specially at the first steps of 

sphingolipid synthesis (Figure 3). Sphingolipids are a type of lipids that contain an 

aliphatic amino alcohol backbone, normally referred as long-chain base (LCB, 

synonymous with sphingosine species or sphingoid bases) to which lipids, simple or 

complex sugars, phosphocoline or phosphoetanolamine can be linked.  Sphingolipid 

synthesis starts with the formation of sphingoid bases in the endoplasmic reticulum with 

the condensation of a serine and one of various fatty acyl-CoA molecules, usually 

palmitoyl-CoA, to form 3-ketodihydrosphingosine (3-KDHS). This process is mediated by 

the serine palmitoyl-CoA transferase (SPT) complex, composed by Lcb1, Lcb2 and Tsc3 

in yeast and SPT1, SPT2 and SPT3 in humans[56-58]. 3-KDHS is then reduced to 

dihydrosphingosine (DHS) by the reductase Tsc10 in yeast or by KDSR (also known as 

FVT1) in mammals[59, 60]. 

 After the formation of sphingosine species, the biosynthesis of ceramides and 

more complex sphingolipids diverges between yeast and humans. In yeast, DHS can be 

hydroxylated by Sur2 to form phytosphingosine (PHS) or acylated by the (dihydro) 

ceramide synthase complex (CerS) composed by Lag1, Lac1 and Lip1 to form 

dihydroceramide (DHC)[61, 62]. Additionally, DHC can also be hydroxylated by Sur2 to 

form phytoceramides (PHC) or PHS can undergo acylation by CerS to form PHC[63] 

(Figure 3). In humans, DHS undergoes acylation by CerS1-6 to form DHC which then 

undergoes desaturation by the sphingolipid desaturases DEGS1/2 to form ceramides. 
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LCBs and ceramide species (simple sphingolipids) can be phosphorylated to form 

sphingosine-1-phosphate (DHS-1-P or PHS-1-P in yeast) or ceramide-1-phosphate (only 

in mammals).  

Regardless of the organism, the formation of more complex sphingolipids occurs 

in the Golgi network, by modifications at the 1-OH position of the sphingosine backbone 

in ceramides (PHC, DHC or ceramide)(Figure 4)[64]. Humans use a vast set of 

carbohydrates for the synthesis of glycosphingolipids and gangliosides from 

ceramides[65, 66]. On the other hand, yeast only incorporate inositol and mannose into 

PHC or DHC. As such, the only species of complex sphingolipids present in yeast are 

inositolphosphoceramides (IPC), synthesized by the IPC synthase composed by Aur1 

and Kei1, mannoseinositolphosphoceramides (MIPC), synthesized by the MIPC 

synthases Csg1, Csg2 and Csh1, and mannosediinositolphosphoceramides (M(IP)2C) 

which are synthesised by the inositolphosphotransferase Ipt1[67-69]. 

 

 

1.2.1.  The roles of sphingolipids in S. cerevisiae  

Sphingolipids constitute around 30% of the lipids observed in the plasma 

membrane of yeast cells[70]. Their importance in cellular function was first discovered by 

screening yeast mutants with abnormal lysosomal pH homeostasis for endocytosis 

defects[71]. One of these mutants possessed a thermosensitive allele for Lcb1 (lcb1-100) 

which proposed an association between sphingolipid synthesis with endocytosis[72]. 

Moreover, these endocytic defects were later confirmed by others[73]. 

Figure 4 – Sphingolipid species formed during sphingolipid biosynthesis. 
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Beyond their role in endocytosis, sphingolipids are also involved in the transit of 

GPI-anchored proteins from the ER to the Golgi apparatus[72]. In fact, a genome wide 

visual screening of Mid1-GFP, a subunit of a Ca2+-permeable cation channel, transit to 

the plasma membrane (PM) in single knockout mutants identified that knocking out 

SUR2, a sphingolipid hydroxylase, caused the retention of Mid1-GFP protein in the 

vacuole and Golgi compartments [74]. The authors proposed that hydroxylation of 

sphingoid bases by SUR2 could affect proper protein sorting. 

Moreover, the size of the lipid moiety of sphingolipids was also shown to regulate 

protein sorting. In fact, Pma1, the main H+-ATPase pump responsible for maintenance 

of cytosolic pH homeostasis, associates with membrane microdomains abundant in 

lipids with C26 lipid moieties to be efficiently transported inside the cell[75]. These 

membrane microdomains containing Pma1 (called lipid rafts) are enriched in sterols and 

sphingolipids. Lipid rafts are also required for the proper activity and localization of 

Gas1p, a glucan transferase required for cell wall assembly[76, 77]. Moreover, they are 

required for the reorganization of proteins to the shmoo during the polarized growth of 

yeast cells when mating[78]. 

Sphingolipids function can also extend to the regulation of nutrient uptake. For 

example, PHS accumulation was found to block the uptake of tryptophan, leucine, 

histidine and uracil[79]. Mechanistically, it is not entirely clear how sphingolipids regulate 

nutrient uptake. Indeed, their role in vesicular transport and lipid rafts suggests an 

alteration in the cellular destination of related amino acid transporters. Somewhat in 

agreement with this, a heat-induced increase in PHS promotes the ubiquitin-dependent 

proteolysis of Fur4, a cell membrane uracil transporter[80]. Other studies showed that 

Can1, an arginine/H+ symporter, is mistargeted from the PM by heat-stressing the lcb1-

100 mutant[81].  

Sphingolipids are also involved in calcium signalling in S. cerevisiae. It was 

described that cytosolic levels of calcium increase in response to endogenous 

sphingosine-1-phosphate accumulation[82]. Moreover, the increase in calcium levels is 

responsible for calcineurin activation and Crz1-mediated gene expression[82] (discussed 

further in chapter 1.2.4, page 14). 

Sphingolipids also participate in a homeostatic feedback loop for the regulation 

of their own abundance. For example, the first step of sphingolipid synthesis is 

downregulated by exogenous PHS treatment[83]. Moreover, when the first step of 

sphingolipid synthesis is chemically inhibited with myriocin, an inhibitor of the SPT 
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complex, the cell undergoes a coordinated response to activate the signalling pathways 

that induce sphingolipid synthesis [84, 85]. 

Overall, sphingolipids play an important role in the vesicular transport of the cell. 

Sphingolipids are required for proper transport of key proteins associated to amino acid 

uptake, mating, pH homeostasis and cell wall synthesis. Moreover, their lipid properties 

affect endocytosis and the homeostatic control of lysosomal calcium. Their overarching 

role in normal cell function is controlled by a homeostatic feedback mechanism that 

controls sphingolipid abundance and loss of proper sphingolipid synthesis regulation 

should, in principle, affect all cellular processes mentioned. 

 

1.2.2. Regulation of sphingolipid biosynthesis by TORC2, Pkh1 and 

Ypk1 in S. cerevisiae 

The biosynthetic portion of the sphingolipid metabolism is tightly regulated by 

upstream signalling pathways as a control mechanism. TORC2 and Pkh1/2 work 

together to regulate Ypk1/2 kinase activity (Figure 5). Both proteins transduce 

membrane-related stress events like heat stress, osmotic stress or possibly alterations 

in PM composition into Ypk1/2 regulation. Ypk1 is the key kinase that transduces the 

membrane signal into a physiological response, and its effect on SPT and CerS activity 

directly impact on sphingolipid synthesis[85, 86].  

In S. cerevisiae, TORC2 is implicated in various cellular processes like  

cytoskeleton polarization, cell cycle progression, endocytosis and repression of 

calcineurin[87-92]. TORC2 is composed by Lst8, Avo1, Avo2, Avo3/Tsc11, Bit61, Slm1, 

Slm2 and Tor2 , the catalytic subunit (reviewed in [93]). The Avo1 subunit anchors the 

complex into the plasma membrane through a Pleckstrin Homology (PH) domain that is 

responsible for binding to phosphatydilinositol-4,5-biphosphate (PtdIns4,5P2)[93, 94].The 

PH-domain present in many proteins but it does not confer them specificity to the 

Membrane Compartments of TORC2 (MCTs) probably because of a necessity of certain 

protein-protein interactions. Curiously, Slm1 and Slm2 contain PH-domains and although 

they are important subunits of TORC2 they are trapped in membrane furrows distinct 

from MCTs called eisosomes[95]. Slm1/2 release from eisosomes is mediated by 

hypotonic stress and its association with TORC2 in MCTs induces the downstream 

activation of Ypk1, a direct target of TORC2. This release allows Slm1/2 to couple to 

TORC2 and promote phosphorylation of Ypk1 in the threonine residues 644 and 662, 

culminating in the induction of de novo sphingolipid biosynthesis [95].The fate of the 

recently synthesized sphingolipids is to intercalate back into the PM leading to a 
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reduction of membrane tension and, as a consequence, to TORC2-Ypk1 downregulation 

(reviewed in [96]). 

 Slm1/2 are important mediators of Ypk1 activation and downstream signalling 

because they recruit Ypk1 to the PM and allow for TORC2-mediated phosphorylation[95, 

97]. This process requires Slm1/2 to first be recruited to the PM by binding to PtdIns4,5P2 

species[97]. Moreover, Slm1/2 are also direct targets of TORC2[98]. Under heat stress, 

Slm1 becomes hypophosphorylated in a 15 min time window that coincides with Ypk1 

hyperphosphorylation by TORC2[98, 99]. Treatment of yeast cells with myriocin, an inhibitor 

of the SPT complex, reduces Slm1 phosphorylation and increases Ypk1 phosphorylation 

in T662, which suggests that the hypophosphorylated state of Slm1 is key for TORC2-

mediated phosphorylation of Ypk1[95, 99]. Moreover, Ypk1, Slm1 and Avo3 can be 

immunoprecipitated together under myriocin treatment suggesting that the  interaction 

between these 3 proteins is dependent on the hypophosphorylated state of Slm1[95]. 

Under prolonged heat stress, Slm1/2 phosphorylation levels are recovered in a TORC2-

dependent manner[98, 99]. While the dynamics of Slm1/2 phosphorylation are understood, 

the role of Slm1/2 phosphorylation in TORC2 signalling and sphingolipid synthesis is 

unclear[92, 95, 99-101]. 

Ypk1 activity is also regulated by Pkh1-mediated phosphorylation of threonine 

residue 504 that is responsible for the basal activity of the enzyme[102, 103]. The Pkh1 

kinase is anchored to the PM through Pil1, a PH-domain protein that is essential for 

eisosome scaffolding and assembly[104]. However, the mechanism underlying activation 

and regulation of Pkh1 remains elusive. In vitro experiments showed that Ypk1 

phosphorylation by Pkh1 can be regulated by PHS[105]. However, exposing yeast cells to 

PHS does not affect the phosphorylation of T504 in Ypk1[106]. The fact that Pil1 

associates with Inp51, a PtdIns4,5P2 phosphatase, suggests that eisosomes intervene 

in PtdIns4,5P2 homeostasis as a possible regulatory pathway for Pkh1[107]. In fact, 

PtdIns4,5P2 synthesis and degradation is dependent on eisosome structure in a Pil1-

dependent manner in S. pombe[108]. Also, loss of TORC2 function in S. pombe is reverted 

by blocking PtdIns4,5P2 catabolism[108].Thus, it is possible that PtdIns4,5P2 regulates 

sphingolipid biosynthesis via Pkh1 and Ypk1 in yeast cells. 

Ypk1 is seen as the master kinase that regulates sphingolipid biosynthesis in 

yeast. Ypk1 controls SPT activity by phosphorylating and inactivating Orm1 and Orm2, 

two proteins known to inhibit SPT, the first enzymatic complex of sphingolipid 

biosynthesis[84, 86]. To a lesser degree Orm1/2 have also been found to interact with Lag1 

and Lac1 but the exact role of this interaction is still unknown[109]. Ypk1 also 
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phosphorylates Lag1 and Lac1 stimulating the synthesis of ceramide species[85]. 

Lag1/Lac1 proteins can also undergo additional regulation by casein kinase 2 (CK2)-

mediated formation of ER puncta[110]. In general, Ypk1 activity dictates the entrance of 

acyl-CoA into the sphingolipid biosynthetic pathway while at the same time promotes 

ceramide synthesis.  

 

 

1.2.3.  Homology between mammalian and yeast sphingolipid 

biosynthesis regulation  

The homology of sphingolipid biosynthesis metabolism between yeast and 

mammals support the applicability of the discoveries made with S. cerevisiae to 

understand this process in mammals. The mammalian cells present structural and 

functional orthologs of Pkh1/2 (PDK1) and Ypk1/2 (SGK1). Casamayor showed that the 

lethality of the pkh1Δpkh2Δ mutant can be rescued by expressing the human 3-

phosphoinositide dependent kinase 1(PDK1)[102]. In a similar way to Pkh1, PDK1 can be 

activated by sphingosine and anchored to the membrane by phosphoinositide 

species[111]. Moreover, phosphoinositide-3-kinase (PI3K), which synthetize these 

phosphoinositol species, also plays a role in mammalian TORC2 activation[112]. This 

mimics the necessity of PtdIns4,5P2 for yeast TORC2 and Pkh1 anchoring to PM. In 

addition, ypk1Δypk2Δ lethality can be rescued by expression of the serum glucocorticoid 

kinase 1 (SGK1)[102] which is also regulated by mTORC2 and PDK1[113, 114]. In fact, 

mTORC2 regulates SGK1 under osmotic stress much like their yeast counterparts. Even 

Figure 5 – Illustration of the TORC2 and Pkh1-mediated regulation of sphingolipid biosynthesis via Ypk1 under 
membrane stress events. 
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though the integrative signalling between mTORC2, PDK1 and SGK1 are conserved 

there is no indications that SGK1 may regulate the human ceramide synthase or even 

the Ormdl1/2/3 proteins, orthologs of Orm1/2. However, Ormdl1/2/3 have a similar 

function to their yeast counterpart and have been implicated in a feedback response to 

ceramide biosynthesis, so it is possible that some sphingolipid synthesis regulatory 

pathway must exist[86, 115, 116]. 

.  

1.2.4.  Regulation of sphingolipid biosynthesis by calcium and 

calcineurin 

Calcineurin is a protein phosphatase highly conserved between humans and 

yeast[117]. Calcineurin is activated by interaction with calmodulin and calcium. Calmodulin 

is a multifunctional calcium-binding protein that upon binding to calcium suffers a 

conformational alteration that allows for favourable interactions with calcineurin and 

other proteins to promote their activity (reviewed in [37, 49]). Moreover, the activation of 

calcineurin by calcium and calmodulin can be induced by other stimuli like sodium stress, 

membrane stress, pH and blue light[118, 119]. Calcineurin targets include Slm1/2, Crz1 - a 

transcription factor that mediates the expression of a wide array of genes - and 

Lag1(Figure 6)[120, 121]. 

The calcineurin-mediated dephosphorylation of Slm1/2 has been well 

characterized. Treating yeast cells with FK506, a calcineurin inhibitor , or calcium, which 

promote calcineurin activity, can abolish or promote Slm1/2 dephosphorylation, 

respectively[99]. However, the role of this regulation does not seem to affect TORC2 or 

Pkh1-Ypk1 signalling. In fact,  inhibition of calcineurin with FK506 does not affect TORC2 

phosphorylation of T662 and calcium stimuli does not alter Pkh1 phosphorylation of 

Ypk1[85, 95]. Thus, TORC2/Pkh1-Ypk1 signalling is independent of Slm1/2 

phosphorylation even though Slm1/2 are necessary for TORC2/Pkh1-Ypk1 induction of 

sphingolipid synthesis. 

Crz1 is a calcineurin-responsive zinc finger transcription factor that migrates into 

the nucleus under calcium stimulus. Crz1 exhibits 2-minute bursts of nuclear localization 

that increase in frequency proportionally to calcium concentration[122]. Of interest, 

exogenous calcium and sodium stimuli promote the expression of SUR1 (an alias name 

for CSG1), a component of the MIPC synthase complex[123]. Moreover, the expression of 

CSG2, a component of the same complex, is regulated by Crz1 under calcium stimulus 

only. That way, the calcium stimulus leads to an increase in the levels of these proteins 

promoting the synthesis of MIPC and M(IP)2C [31, 101].  
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There are indications that calcineurin can also regulate Lag1 phosphorylation. 

Muir et al identified a calcium/calcineurin-dependent dephosphorylation of Lag1[85]. 

Moreover, the mechanism seems to be direct because the Pkh1-mediated 

phosphorylation state of Ypk1 remains constant under calcium stimuli, ruling out the 

possibility that calcineurin is acting indirectly over Lag1. Also, Lag1 has a possible 

binding site for calcineurin, at the C-terminal[124]. Importantly, calcineurin can revert Ypk1-

mediated phosphorylation of Lag1, suggesting that Lag1 activity is a result of a dynamic 

regulation between TORC2/Pkh1-Ypk1 signalling and calcineurin signalling[85]. 

Overall, the coordinated downregulation of the ceramide synthase subunit Lag1 

and the increase in abundance of the MIPC synthase suggest that calcineurin restricts 

ceramide synthesis to promote their conversion into more complex sphingolipid species. 

 
 

1.3. Yeast model for research in sphingolipid 

and calcium signalling in NP-C1 

 

1.3.1.  S. cerevisiae as a model organism for LSDs  

S. cerevisiae has been used as a simple but reliable model to understand the 

molecular mechanisms underlying human neurodegenerative diseases[25]. The general 

approach consists in either disrupting yeast orthologs for human genes or expressing 

human genes that have no yeast orthologs with similar function (humanized yeast 

strains). Both approaches have been applied in understanding neurodegenerative 

Figure 6 – Illustration of the sphingolipid synthesis points that are regulated by calcineurin in S. cerevisiae. 
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diseases such as the lysosomal disorder NP-C1[125, 126]. There are about 23 yeast 

orthologs of human genes with associations to lysosomal storage disorders which have 

been explored to establish yeast models for the comprehension of several LSDs like 

Battens disease, Friedreich’s ataxia, Ataxia telangiectasia, Hereditary Spastic 

Paraplegia, NP-C1 and NP-C2[125, 127]. 

 

1.3.2.  S. cerevisiae ncr1Δ cells as a model for NP-C1 

The S. cerevisiae ortholog of the human NPC1 protein is the Niemann-Pick type 

C1 related-protein (Ncr1). It was shown that the expression of NCR1 in NPC1-deficient 

Chinese hamster ovary cells restores normal lipid traffic[19]. This functional study opened 

the possibility for yeast to be used as a model for NP-C1. The current yeast model for 

NP-C1 was obtained by deletion of the entire open reading frame of NCR1 (ncr1Δ) thus 

mimicking a total loss-of-function of the protein. Previous work showed that ncr1Δ cells 

present various phenotypes similar to the ones observed in patient cells or mammalian 

models of the disease.  For example, ncr1Δ cells present significant alterations in the 

abundance of LCBs like PHS, PHS-1-P, DHS and DHS-1-P in logarithmic (fermentative) 

and post-diauxic shift (PDS)(respiratory) phase as well as of specific ceramides in PDS 

phase[128, 129]. Moreover, the ncr1Δ model also presents hypersensitivity to oxidative 

stress and a shortened lifespan[2, 128, 130, 131]. The shortened life span of ncr1Δ was 

associated with  severe defects in mitochondrial respiratory function such as low oxygen 

consumption rates, absence of growth on non-fermentable media, mitochondrial 

depolarization and fragmentation of mitochondrial network but also increased levels of 

ROS and oxidation of proteins and lipids [128].Moreover, the yeast model also presents 

alterations in sterol levels and subcellular localization[128, 132].Various other defects were 

identified by a genome-wide screen of modifiers in ncr1Δ[133]. The study revealed a set 

ofproteins that were implicated in many different cell processes like histone 

deacetylation, cell cycle progression, glycerosphingolipid metabolism and sterol 

uptake[133]. Of interest, the histone deacetylation defects discovered in yeast were later 

investigated in human cells and studies have shown that vorinostat, a histone 

deacetylase inhibitor approved by the FDA to treat T-cell lymphoma, ameliorates the 

cholesterol and lipid defects in NP-C1 cells[133] [134]. This not only shows the homology in 

cellular function but also supports the use of a yeast model for drug testing and research. 
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1.3.3.  Regulation of sphingolipid synthesis in ncr1Δ 

Since much of the sphingolipid regulatory pathway is still to be discovered in 

mammals, the yeast counterpart gives a valuable opportunity to investigate how 

sphingolipid signalling mediate defects associated with neurologic disorders like NP-C1. 

Previous work revealed that Pkh1 is activated in ncr1Δ cells and that deletion of PKH1 

is sufficient to revert the mitochondrial respiratory defects and the shortened 

chronological life span  (CLS) of ncr1Δ cells, suggesting that a Pkh1-regulated pathway  

promotes mitochondrial function alterations[128, 129]. Moreover, the increase in the 

phosphorylation of Sch9, a Pkh1 downstream target, was also associated with the cell 

death phenotypes of the yeast model of NPC1 and with the modulation of sphingolipid 

biosynthesis[128]. These events support a common regulatory pathway that mediates 

sphingolipid abundance changes and the mitochondrial defects observed in ncr1Δ cells. 

In agreement, sphingolipids have also been implicated in the mitochondrial defects of 

NP-C1 cells[48, 135, 136]. 

 

1.3.4.  Calcium regulation in ncr1Δ 

The possible role of calcium-mediated signalling in Niemann-Pick type C1 

disease was recently described, as human cells have a large reduction in lysosomal 

calcium levels associated with sphingosine accumulation in this compartment[38, 137, 138]. 

We have previously found that ncr1Δ cells are more sensitive to calcium in a calcineurin-

dependent manner. In fact, deletion of Cnb1, the regulatory subunit of calcineurin, 

supressed the sensitivity of ncr1Δ to high concentrations of calcium (unpublished data). 

As human cells have alterations in lysosomal calcium levels we postulate that the 

activation of calcineurin in the yeast model of NPC1 may result from calcium signalling. 

 

1.4. Aim of this work  

Sphingolipid and cholesterol accumulation in the late endosomes and lysosomes 

are two hallmarks of the NP-C1 disease. Although much is known about the type of lipids 

that accumulate in NP-C1, their role in the expression of the cellular phenotype of NP-

C1 is uncharacterized.  

In line with the previous reported data and unpublished results, this work aimed 

to characterize the possible role of eisosomes in the regulation of Pkh1 activity and its 

impact in the mitochondrial function and life span of a yeast model of NPC1.  Moreover, 
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we aimed to characterize the activation of downstream targets of Ypk1, particularly in 

the expression of enzymes involved in sphingolipid synthesis. Given that calcium 

alterations have been implicated in the pathophysiology of the disease and the role of 

calcineurin in regulating sphingolipid synthesis in yeast, we also aimed to assess if the 

activation of calcineurin could mediate the mitochondrial and lifespan defects of ncr1Δ 

cells.  
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2.1. Yeast strains, plasmids and growth 

conditions 

The Saccharomyces cerevisiae strains used in this work resulted from the 

BY4741 or YYA3 parental strains and are depicted accordingly in Table 1. 

Table 1 – Strain, genotype and source of the S. cerevisiae strains used in this study. 

Strain Genotype Source 

BY4741a,c MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 EUROSCARF 

ncr1Δ BY4741 ncr1Δ::URA3 [128] 

ncr1Δa,c BY4741 ncr1Δ::KanMX4 [128] 

pil1Δ BY4741 pil1Δ::KanMX4 EUROSCARF 

pil1Δncr1Δ BY4741 pil1Δ::KanMX4 ncr1Δ::URA3 Lab collection 

ypk1Δ BY4741 ypk1Δ::KanMX4 EUROSCARF 

ypk1Δc BY4741 ypk1Δ::MXHIS3 This Study 

ypk1Δncr1Δc BY4741 ypk1Δ::MXHIS3 ncr1Δ::KanMX4 This study 

ypk1Δncr1Δ BY4741 ypk1Δ::KanMX4 ncr1Δ::URA3 Lab collection 

cnb1Δa BY4741 cnb1Δ::KanMX4 Lab collection 

cnb1Δncr1Δa BY4741 cnb1Δ::MXHIS3 ncr1Δ::KanMX4 Lab collection 

BY4741 Lag1-GFPb,* BY4741 LAG1-GFP::KanMX4 Lab collection 

ncr1Δ Lag1-GFPb,* BY4741 LAG1-GFP::KanMX4 ncr1Δ::URA3 This study 

BY4741 Lag1-9Myc* BY4741 LAG1-9Myc::hphNT1 Lab collection 

ncr1Δ Lag1-9Myc* BY4741 LAG1-9Myc::hphNT1 ncr1Δ::URA3 Lab collection 

YYA3 MATa his3::CRZ1-GFP-HIS3 leu2 met1 ura3  [21] 

YYA3 ncr1Δ YYA3 ncr1Δ::URA3 Lab collection 

YYA3 cnb1Δ YYA3 cnb1Δ::KanMX4 [21] 

YYA3 cnb1Δncr1Δ YYA3 cnb1Δ::KanMX4 ncr1Δ::URA3  This study 

a – Cells harbouring pCDRE-LacZ b – Cells harbouring FBp709 (see Table 3) c- Cells harbouring FBp701 *- strains were 

tagged in the C-terminal of the respective proteins 

Yeast strains were grown aerobically at 26ºC on an orbital shaker at 140 r.p.m. 

using Erlenmeyer flasks. A 1:5 proportion of growth media to flask volume was used. 

Cells were grown to early logarithmic phase (OD600 = 0.6-0.9) or to post-diauxic shift 

(OD600 = 7-10). The liquid growth media used were:  YPD - Yeast extract, Peptone and 

Dextrose [2% (w/v) bacteriological peptone, 1% (w/v) yeast extract and 2% (w/v) 

glucose], MM - Minimal Medium  [0.67% (w/v) yeast nitrogen base without amino acids, 

2% (w/v) glucose] supplemented with the appropriate amino acids and nucleotides 

[0.004% (w/v) histidine, 0.008% (w/v) leucine, 0.004% (w/v) methionine, 0.004% (w/v) 
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uracil and 0.004% tryptophan), SC - Synthetic Complete drop-out medium with glucose 

[0.67% (w/v) yeast nitrogen base without amino acids, 2% (w/v) glucose] supplemented 

with the appropriate amino acids and nucleotides [0.008% (w/v) histidine, 0.04% (w/v) 

leucine, 0.008% (w/v) tryptophan and 0.008% (w/v) uracil)] and SC with glycerol (SC-

glycerol) where glucose was replaced by 3% (v/v) glycerol). Alternatively, 1.5% agar 

(w/v) was added to the broths to be used as solid media. 

When indicated, strains were treated with 20 mM CaCl2 for 15, 30 or 60 min or 

with 0.625 µM myriocin, 120 µM acetic acid or 50 µg/mL FK506 for 60 min.  

 

2.2. Construction of yeast mutants 

Yeast strains were transformed using a modified version of Polyethylene glycol 

(PEG)/Lithium acetate protocol[139]. Briefly, 20 mL of cells grown overnight in YPD until 

logarithmic phase (OD600 = 0.8) were pelleted, washed and resuspended in 100 μL of 

water. 50 μL of cell suspension was transferred to an eppendorf and the remaining water 

was removed after centrifugation (12044g, 1 min). To the pellet, 240 μL of 50% (w/v) 

PEG 3350, 36 μL of 1M lithium acetate, 25 μL of 5 mg/mL single stranded DNA and 200 

ng of plasmid or 1 μg of DNA cassette were added. The mixture was vortexed for 1 min, 

incubated at 26ºC for 30 min and then switched to 42ºC for another 30 min. The 

transformation mix was removed by centrifugation (4293g, 1 min) and the pelleted cells 

were washed with water and resuspended gently in selective media before being 

incubated for 4 to 6 hours at 26ºC. Finally, cells were pelleted again (4293g, 1 min), 

resuspended in 100 μL of selective media and spread in selective media plates. In the 

case of plasmids, the protocol was simplified: The incubation step at 26ºC was removed 

and cells were spread directly on selective plates after 42ºC incubation. 

The following polymerase chain reaction (PCR) protocol was used to amplify the 

DNA cassettes used in the construction of the yeast mutants in this work. Polymerase 

chain reactions were performed in 20 μL reaction mixes containing 1x GoTaq buffer 

(Promega), 10 μM   dNTPs (Thermofisher), 1.5 mM magnesium chloride (Promega), 0.5 

μM of primers, 1 U of GoTaq polymerase and 200 ng of plasmid or 400 ng of DNA extract. 

DNA extraction was performed with alkaline lysis on single yeast colonies grown in YPD 

plates for 2-3 days. Briefly, yeast cells were resuspended in 30 µl of 20 mM NaOH and 

heated at 95ºC for 15 min followed by a subsequent 1 min vortexing step. The cell lysate 

was centrifuged (12044g, 1 min), and the supernatant was collected. PCR was 

performed in a T100 Thermo Cycler (Bio-Rad) with a heated lid using the following 
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conditions: Initial denaturation step at 95ºC for 3 min, secondary denaturation step at 95 

ºC for 45s – where PCR cycling starts –, a primer annealing step with a temperature 

adjusted according to primer melting point for 45s, an elongation step at 72ºC for 1kb of 

PCR product/min – where PCR cycling ends – and a final elongation step of 10 min at 

72ºC. The primers used in this work are described in Table 2. 

Table 2 – Primers used in this study. 

Primer  Sequence (5’ -> 3’) 

Amplif_ncr1-FW CCGTGGCTAATGTCACAACA 

Amplif_ncr1-RV TTACGACTGAAGCGTTGACC 

Conf_ext_ncr1-FW AAGGTGCGAAATGACGGAAGA 

Conf_int_ncr1-RV CGTCGTCCACAATCATTGCCC 

Conf_int_ncr1Δ::KanMX4-FW ACGTTTCGAGGCCGCGATT 

Conf_int_ncr1Δ::URA3-RV CCCAGTGACACCATGAGCATTAG 

Amplif_CassetteMX4-FW TCCTTGACAGTCTTGACG 

Amplif_CassetteMX4-RV GAATGCTGGTCGCTATAC 

 

All PCR reaction products were analysed by nucleic acid electrophoresis at 100V, 

using 1% (w/v) agarose gels with GreenSafe premium 0.04 μL/mL (NZYtech) and TAE 

buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA). DNA bands were identified through 

UV fluorescence and extracted from the gel using the NZYgelpure kit (Nzytech) 

according to the manufacturer’s instructions. DNA quantification was done using 

Nanodrop 1000 (Thermofisher). 

To generate all ncr1Δ strains, KanMX4 or URA3 were amplified with flanking 

regions of NCR1 to produce the ncr1Δ::KanMX4  and ncr1Δ::URA3  cassettes 

respectively, thus allowing for homologous recombination, gene deletion and selective 

growth of recombinant strains. 

Amplification of URA3 cassette was done with the Amplif_ncr1-FW and -RV 

primers, using genomic DNA from ncr1Δ::MXURA3 with an annealing temperature of 

53ºC and an elongation time of 2min 20s[128]. YYA3 cnb1Δ and BY4741 LAG1-GFP were 

transformed with the URA3 cassette for deletion of NCR1 and the resulting transformants 

were selected in MM lacking uracil. Insertion was confirmed by PCR using the 

Conf_ext_ncr1-FW and Conf_int_ncr1Δ::URA3-RV primers using an annealing 

temperature of 53ºC and an elongation time of 1 min 45s. 

 Amplification of the KanMX4 cassette was done with the Amplif_ncr1-FW and -

RV primers, using genomic DNA from ncr1Δ::KanMX4 with an annealing temperature of 
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53ºC and an elongation time of 3min. ypk1Δ::HIS3 cells were transformed with the 

KanMX4 cassette for deletion of NCR1 and the resulting transformants were selected in 

YPD with geneticin (200 μg/mL). Insertion was confirmed using the 

Conf_int_ncr1Δ::KanMX4_FW and amplif_ncr1_RV primers with an annealing 

temperature of 52ºC and an elongation time of 1 min and 45s. 

Amplification of the MXHIS3 cassette was done with the Amplif_CassetteMX4-

FW and -RV primers with an annealing temperature of 42ºC and an elongation time of 

1min 30s. The ypk1Δ::KanMX4 strain was transformed with the MXHIS3 cassette for 

NCR1 deletion and transformants were selected in MM lacking histidine.  

BY4741, ncr1Δ::KanMX4, ypk1Δ::HIS3 and ncr1Δ::KanMX4 ypk1Δ::HIS3 were 

transformed with the FBp701 plasmid (Table 3) using the the transformation protocol 

referred previously. Transformants were selected in MM lacking uracil.  

BY4741 LAG1-GFP and ncr1Δ::URA3 LAG1-GFP were transformed with the 

FBp709 plasmid (Table 3) and selected in MM lacking leucine.  Confirmation of plasmid 

expression was observed through fluorescence microscopy. 

Table 3 – Plasmids used in this study. 

Name Description Marker Source 

pCDRE-LacZ pAL300 with 4xCDRE insertion upstream of 

LacZ 

URA3 [21] 

FBp701 YEp357 with a LAG1 promoter insertion 

upstream of LacZ 

URA3 [140] 

FBp709 pYX242 plasmid expressing 

KAR2(1→135)-mCherry-HDEL  

LEU2 [140] 

 

2.3. Western blotting  

For western blot analysis, cells were grown in 20 mL SC-glucose medium 

overnight until log phase. Cells were collected and proteins were extracted following the 

alkaline lysis protocol as in Vilaça R. et al[128]. Briefly, cells were resuspended in 100 mM 

NaOH, vortexed for 1 min, incubated at room temperature for 5 min, centrifuged and the 

pellet resuspended in gel lysis buffer (50 mM Tris-base pH 8.8, 2 % (w/v) SDS,10% (v/v) 

glycerol and 2 mM EDTA). After heating for 5 min at 95ºC in a dry bath, samples were 

centrifuged (12044g, 15 min) and the total protein content of the supernatant was 

quantified by using the Pierce BCA protein assay kit (Thermofisher) with a bovine serum 
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albumin standard. β-mercaptoethanol was added to a final concentration of 5% (v/v) 

before samples were applied in the gels. Proteins were resolved in a 9% SDS-PAGE 

gels then transferred to nitrocellulose membranes (Hybond-ECL GE Healthcare) in a 

semi-dry system at 0.8 mA/cm2 for 1 hour and 30 mins. The quality of protein separation 

and transfer to the nitrocellulose membranes was checked with Ponceau S staining prior 

to continuing with the protocol. Membranes were blocked with fresh 5% non-fat dry milk 

in TTBS (20 mM Tris-base, 140 mM NaCl, 

0.05% (v/v) Tween-20 pH 7.6) for 1 hour.  Afterwards, membranes were probed with 

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

Signalling), goat anti-Ypk1 (1:500, Santa Cruz), mouse anti-cnb1 (1:3000, kindly 

provided by Maria Cardenas-Corona), mouse anti-c-myc (1:1000, Roche diagnostics) or 

mouse anti-yeast phosphoglycerate kinase antibody (1:5000, Molecular Probes).  After 

washing with TTBS for 10-15 mins, membranes were re-probed with secondary 

antibodies: anti-mouse igG-peroxidase (1:5000, Molecular Probes), anti-rabbit igG-

peroxidase (1:5000, Sigma) or anti-goat igG-peroxidase (1:1000, Sigma). Two 

consecutive steps of washing with TTBS and TBS for 15 min were done prior to 

immunodetection using Westbright ECL (Advansta) peroxidase reagents and Chemidoc 

xrs+ (Bio-rad) chemiluminescence detector or LucentBlue X-ray films (Advansta).  

 

2.4.  β-Galactosidase activity essays 

Cells harbouring the pCDRE-LacZ plasmid were grown in SC-glucose lacking 

uracil until logarithmic phase (OD600 = 0.7) before being treated with 20 mM CaCl2 for 15, 

30 and 60 min. Cells were harvested by centrifugation, resuspended in breaking buffer 

(100 mM Tris, 1 mM DTT,10 % glycerol) and protease inhibitors (Complete mini  EDTA-

free Protease cocktail inhibitor tables) and mechanically lysed with zirconium beads for 

5 min (1 min vortexing and 1 min on ice). Debris were pelleted at 12044g for 15 min at 4 

ºC and the supernatant was collected for protein quantification. Total protein levels were 

quantified by the Lowry method using a bovine serum albumin standard curve[141]. 

Volumes with 30 ug of protein were diluted up to 800 μL with β-galactosidase buffer (60 

mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM β-mercaptoethanol). 

The enzymatic reaction was initiated by adding 200 μL of pre-warmed ONPG followed 

by short vortexing of the solutions. Samples were incubated at 30ºC for 30 min prior to 

stopping the reaction by basic pH shift using 400 μL of 1M Na2CO3. Ortho-nitrophenol 

absorbance was measured at 420 nm. β-galactosidase activity was calculated according 

to the following equation: 
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β − Galactosidase activity =
Abs420𝑛𝑚  × 1.4

0.0045 × protein(mg) × t(min)
 𝑛𝑚𝑜𝑙. 𝑚𝑖𝑛−1𝑚𝑔−1 

where: Abs420nm = orto-nitrophenol absorbance, 1.4 = volume correction factor, 

0.0045 = Abs420nm of a 1nmol/mL solution of orto-nitrophenol, protein (mg) = mass of 

protein in mg per reaction, t(min) = reaction time in min.  

 

2.5. Chronological lifespan 

For chronological lifespan, cultures grown overnight were diluted in SC-glucose 

to an OD600 = 0.6, then grown for 24 h (to PDS, t = 0) and kept at 26ºC on an orbital 

shaker at 140 rotations per minute. Cell viability was determined over time through the 

percentage of colony forming units that grew on YPD plates after standard dilution from 

t=0.  

 

2.6. Oxygen consumption and respiratory 

capacity analysis 

For oxygen consumption measurements, cells were grown to PDS in SC-glucose 

medium. 3x108 cells was resuspended in 1 mL PBS buffer and transferred to an 

Oxygraph (Hansatech) oxygen electrode. Data was gathered for 6 min and average 

oxygen consumption rates were determined from oxygen levels in the container in the 2-

4 min time window using the Oxyg32 v2.25 software. 

To evaluate mitochondrial respiratory functions, cells were grown in a non-

fermentable carbon source which restricts yeast survival to oxygen consuming and ATP 

producing mitochondria. Yeast cells were first cultured in liquid SC-glucose media at 

26ºC to log phase (OD600 = 0.7).  Cultures were then diluted in PBS to an OD600 = 0.3 

and five-fold serially dilutions were spotted on solid SC-glucose and SC-glycerol and 

grown for 3-4 days at 26ºC.  

 

2.7. Fluorescence microscopy 

Cells harbouring the FBp709 plasmid and strains with the YYA3 parental 

background were grown in 10 mL SC-glucose to log phase or PDS phase. Live cells 
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were transferred to glass slides covered with lamella-thick agarose strips prior to 

fluorescence microscopy analysis using a Zeiss Axio Imager Z1. Image analysis and 

treatment was done with ImageJ (1.52a).  

 

2.8. Statistical analysis 

Data is represented by mean and standard deviation and analysis for statistical 

meaning was done with GraphPad Prism (v 6.01). 
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3.1.   The implications of the eisosome regulated 

Pkh1-Ypk1 pathway on the expression and 

location of Lag1 and mitochondrial defects in 

ncr1Δ cells. 

 

3.1.1. Pkh1-Ypk1 signalling pathway is activated in ncr1Δ cells 

The biosynthesis of sphingolipids is regulated by activation of Ypk1 through 

phosphorylation of T504 by Pkh1[84].Previous work showed that a yeast model for NP-

C1 exhibit various alterations in sphingolipid abundance and sphingolipid-regulated cell 

signalling events[128]. Namely, Pkh1 was shown to be more activated in ncr1Δ cells as 

demonstrated by the analysis of the phosphorylation of Sch9, one of the downstream 

targets of Pkh1. Thus, other Pkh1-dependent pathways could be altered in ncr1Δ cells. 

To investigate if Ypk1, another target of Pkh1 and a master regulator of sphingolipid 

biosynthesis, was more activated in the yeast model of NPC1, we evaluated the 

phosphorylation of T504 residue in wild type (BY4741) and ncr1Δ cells. The deletion of 

PIL1 or YPK1 in ncr1Δ were used as controls for abolishing Pkh1 activity and for the 

identification of Ypk1 bands respectively. PIL1 deletion was previously shown to 

downregulate Pkh1 activity[142]. We observed an increase in Ypk1-T504 phosphorylation 

in ncr1Δ cells relative to the wild type, consistent with previous reports (Figure 7)[143]. 

Moreover, the deletion of PIL1 in ncr1Δ abolished the phosphorylation of Ypk1 

suggesting that Pkh1 activity was downregulated. Consistently, we showed that PIL1 

deletion in ncr1Δ cells also led to a reduction of the phosphorylation of Sch9, another 

target of Pkh1 (data not shown). This result is consistent with the reduced 

phosphorylation of Sch9 in ncr1Δpkh1Δ mutants[128].These results suggest that the Pkh1-

Ypk1 signalling pathway is upregulated in ncr1Δ cells by a mechanism dependent of Pil1, 

an essential component of eisosome structure. 
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Figure 7 – The Pkh1-Ypk1 pathway is hyperactivated in ncr1Δ cells. Yeast cells were grown overnight to log-phase 
(OD600=0.6-0.9) in SC-glucose medium. Total protein extracts were separated by SDS-PAGE and the phosphorylated and 
non-phosphorylated forms of Ypk1 were detected by western blotting using an anti-P-T504-Ypk1 and an anti-Ypk1 
antibody respectively, as described in Material and Methods. Pgk1 protein levels were used as a loading control. 

 

3.1.2. Eisosome organization mediates the mitochondrial respiratory 

defects in ncr1Δ cells. 

 Normal Pkh1 activity requires Pil1-dependent anchoring of Pkh1 to eisosomes 

[104, 142]. Moreover, Pkh1 activation mediates a plethora of mitochondrial respiratory 

defects in ncr1Δ cells[128]. Given that, we hypothesized that disrupting eisosome 

organization by deleting PIL1 in ncr1Δ would recover mitochondrial respiration. As such, 

we measured oxygen consumption rate and cell growth in a non-fermentable carbon 

source in WT, ncr1Δ, pil1Δ and pil1Δncr1Δ. Indeed, oxygen consumption rate and growth 

in a non-fermentable media increased to parental levels when PIL1 was deleted in ncr1Δ, 

suggesting that eisosome structure impacts on mitochondrial respiration through the 

Pkh1 signalling pathway (Figure 8).  

 

Figure 8 – Eisosome disruption suppresses mitochondrial respiratory defects in ncr1Δ cells. A - Yeast cells were 
grown in SC-glucose medium to Post-Diauxic Shift phase.  Oxygen consumption measurements were done with 3x108

 

cells resuspended in PBS buffer in a sealed chamber oxygen electrode at room temperature. Values are represented as 
a mean ± SD of three different experiments. *** - p < 0.001; One-way ANOVA and Bonferroni test B – Yeast cells were 
grown to log-phase in SC-glucose medium and 5-fold serial dilutions were plated in both SC-glucose and SC glycerol 

plates. One representative experiment is shown (out of six independent experiments). 
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 Given the importance of Pil1 in the mitochondrial respiration defects, we also 

expected that the CLS of ncr1Δ would be ameliorated by PIL1 deletion, similarly to the 

effect of PKH1 and YPK1 deletion in this model[128, 143]. As such, BY4741, ncr1Δ and the 

PIL1-null counterparts were grown for over 30 days and aliquots were periodically plated 

and counted for the number of colony forming units. Notably, we observed that disruption 

of eisosome organization led to the recovery of the CLS of ncr1Δ cells which is consistent 

with the previous results of mitochondrial function recovery (Figure 9). 

 

Figure 9 – Eisosome-dependent signalling impacts cellular lifespan of ncr1Δ cells.  Yeast cells were grown overnight 
in SC-glucose, diluted to OD600=0.6 for over 30 days while aliquots were periodically collected and spotted in solid YPD 
media. Colony forming units were counted 24h after initial dilution (t=0). Values are represented as a mean ± SD of three 
different experiments.  

 

3.1.3.  Lag1 expression and subcellular localization is altered in ncr1Δ 

cells 

As shown in the previous section, Pkh1-mediated phosphorylation of Ypk1 was 

increased in ncr1Δ. If such phosphorylation is consistent with Ypk1 activation, alterations 

in downstream targets of Ypk1 should be observed. We performed western blot analysis 

to examine alterations in the phosphorylation state of Lag1, a direct target of Ypk1. We 

fused a 9myc tag to the protein, as no commercial antibody is available to detect Lag1 

and analysed the migration pattern in SDS-PAGE. The Lag1-9myc fusion protein was 

detected with an appropriate size (Figure 10). However, no observable differences in 

band mobility (shift to higher molecular weight) were detected in ncr1Δ cells compared 

with BY4741, even after treatment with acetic acid (positive control), an inducer of 

TORC2-Ypk1 activity[144]. Alternatively, we used cells expressing Lag1-GFP for the same 

purpose, but no differences were observed (data not shown). Other experimental 

conditions (regarding protein extraction or SDS-PAGE methodology) should be tested to 

improve the detection of the phosphorylated forms of the protein.  
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Figure 10 – Analysis of Lag1 phosphorylation in ncr1Δ cells. Yeast cells expressing Lag1-9myc were grown overnight 
in SC-glucose media to log phase were treated with 120 μM acetic acid for 60 min. A total protein extract was used for 
western blot analysis using an anti-c-myc antibody. Pgk1 was used as a loading control. * - Expected band for the Lag1-
9myc protein (59kDa). 

 Regardless of the phosphorylation of Lag1, we searched for alterations in Lag1 

subcellular location that could relate to the accumulation of sphingosine and ceramide 

species in ncr1Δ. As such, we examined the location of Lag1 in WT and ncr1Δ cells 

expressing a Lag1-GFP fusion protein. Cells were previously transformed with the 

FBp709 plasmid, which expresses a KAR2(1→135)-mCherry-HDEL, a red ER reporter. 

Surprisingly, we detected that Lag1-GFP forms punctate structures in the ER of ncr1Δ 

cells (Figure 11). Related to this result, another report showed that Lag1 forms punctate 

structures in the ER concomitantly with DHS and PHS accumulation[110].  Indeed, the 

results propose an alteration in the subcellular location of the ceramide synthase 

complex which could be affecting sphingolipid synthesis in NP-C1. 

*  
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Figure 11 – The localization of Lag1 is altered in ncr1Δ cells. BY4741 and ncr1Δ cells with a genomically tagged Lag1-
GFP and expressing a FBp709 plasmid (ER marker) were grown to PDS phase in SC-glucose media and observed with 
fluorescence microscopy. Removal of background fluorescence and composite images were done in ImageJ (1.52a). 
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 Alterations in LAG1 expression and protein levels in ncr1Δ have been previously 

described[129]. Yet, the mechanism underlying this upregulation is undetermined. We 

reasoned that the expression of enzymes related to the sphingolipid may be related with 

sphingolipid abundance. To access the role of Ypk1 in the regulation of LAG1 expression 

the BY4741, ncr1Δ and their YPK1-null counterparts were transformed with a LacZ 

reporter under the promotor of LAG1 (FBp701 plasmid). The results show that LAG1 

expression increased 2-fold in ncr1Δ cells relative to the parental strain (Figure 12), 

consistent with previous reports[128]. YPK1 deletion in the parental strain also upregulated 

LAG1 expression. However, YPK1 deletion in ncr1Δ cells did not further increase LAG1 

expression. These results suggest that Ypk1 regulates LAG1 expression in the parental 

strain but the induction of LAG1 in the yeast model of NP-C1 is Ypk1-independent.  

 

Figure 12 – Upregulation of LAG1 expression in ncr1Δ cells is Ypk1-independent.  Yeast cells expressing the lacZ 
gene under control of the LAG1 promoter were grown overnight to log phase (OD600= 0.6-0.8) in SC-glucose lacking 
uracil. β-galactosidase activity was determined with 5 µg of total protein at 37°C for 25 min. Values are represented as a 
mean ± SD of three independent experiments. 
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3.2. Discussion 

 The current definition of NP-C1 is deep-seated in the fact that cholesterol and 

sphingolipid species have various alterations in abundance and subcellular location in 

human cells[1-3]. We became interested in how the alterations in sphingolipid abundance 

regulate cell survival in the context of the disease. For that purpose, we used a yeast 

model lacking NCR1, the yeast orthologue of the mammalian NPC1, as this model also 

presented sphingolipid accumulation and alterations in sphingolipid regulating 

proteins[128, 129]. 

 Our results confirm that eisosomes are promoting the mitochondrial defects and 

shortened life span of ncr1Δ. Since eisosomes anchor Pkh1 to the PM, we propose that 

eisosomes act through Pkh1-Ypk1 signalling to promote the mitochondrial defects and 

shortened life span of ncr1Δ[56, 104, 128, 142]. Furthermore, since the upregulation of Pkh1-

Ypk1 signalling was abolished by PIL1 deletion, we also propose that there must be an 

upstream stimulus that is promoting Pkh1 activation by eisosomes. What could the 

upstream stimulus be? Given that TORC2 is also active in our model and that TORC2, 

Slm1/2 and Pkh1 are anchored to the membrane by PtdIns4,5P2, one pertinent subject 

that remains to be explored is the role of the PtdIns4,5P2 metabolism or subcellular 

location in Pkh1/TORC2 signalling and the effects of PtdIns4,5P2 synthesis inhibitors in 

in ncr1Δ.  

The activation of Ypk1 in ncr1Δ cells led us to examine the phosphorylation of 

downstream targets of Ypk1 associated with sphingolipid metabolism. No alterations in 

Lag1 phosphorylation were observed between BY4741 or ncr1Δ cells. However, the 

method must be improved in order to clarify if Lag1 phosphorylation is altered or not in 

the mutant strain.  

With the activation of Pkh1-Ypk1 and the generalized accumulation of 

sphingosine and ceramide species in ncr1Δ we questioned if this problem was derived 

only from alterations sphingolipid synthesis regulation. We found that the Lag1, a subunit 

of ceramide synthase is localized in small ER punctate structures in ncr1Δ cells. The 

results propose that other sphingolipid-related alterations that are not associated to cell 

signalling are affecting ncr1Δ sphingolipid accumulation. Moreover, the results propose 

that the accumulation of sphingolipids could also be originated from alterations in 

ceramide synthase expression, activity or location. Yet, the contribution of Lag1 

subcellular structures to sphingolipid accumulation is unknown and is a relevant point for 

future research also because Lag1 seem to be a cross-talking point between calcium 

and TORC2/Pkh1-Ypk1 signalling. Notably, Lag1 is also phosphorylated by CK2, a 
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kinase that has been associated with DHS and PHS homeostasis and formation of Lag1 

punctate structures in the ER that correlate with DHS and PHS accumulation in cells[110]. 

Thus, CK2 activity in ncr1Δ could be pertinent future study to understand the function of 

Lag1 subcellular structures. Regarding LAG1 expression, we found that deletion of YPK1 

in the parental strain increased LAG1 expression 2-fold but no major changes were 

observed when YPK1 was deleted in  ncr1Δ. Our findings conclude that regulation of 

LAG1 expression by Ypk1 is indirect. With this, we propose that the increased in LAG1 

expression when YPK1 is deleted could be a cellular response to the shortage of 

sphingolipid species in the parental strain. Why deletion of YPK1 in ncr1Δ has no effect 

in LAG1 expression is unknown and a pertinent future inquiry to understand the 

regulation of Lag1 expression and its possible role in the sphingolipid abundance. 

 

3.3. Calcineurin activation and its implication on 

the mitochondrial defects of ncr1Δ cells 

3.3.1. Calcineurin-Crz1 pathway is mildly activated in ncr1Δ cells. 

Human NP-C1 cells present a calcium homeostasis defect arising from an 

accumulation of sphingosine[38]. Strikingly, the accumulation of endogenous 

sphingosine-1-phosphate species promote an increase of cytosolic calcium that 

activates calcineurin[82]. We have previously observed that ncr1Δ cells are more sensitive 

to calcium in a calcineurin-dependent manner, as deletion of CNB1 recovered cell growth 

under high calcium concentrations (unpublished data). Given the abnormal abundance 

of sphingosine species in ncr1Δ cells, we raised the hypothesis that calcineurin may be 

more activated in these cells contributing to cell death phenotypes of ncr1Δ cells. To 

evaluate this, we assessed the activity of calcineurin by transforming WT and ncr1Δ cells 

with a plasmid expressing β-galactosidase under the control of the Calcineurin 

Regulated Regulatory Element (CDRE) (FBp709 plasmid, kindly provided by Regina 

Menezes). This promoter is recognized by Crz1, a transcription factor directly activated 

by calcineurin. That way, β-galactosidase activity read-out is proportional to the 

activation of the calcineurin-Crz1 signalling pathway. The cnb1Δ and cnb1Δncr1Δ cells 

transformed with the same plasmid were used as negative control. In addition, cells were 

treated with 20 mM calcium for 15,30 and 60 min to stimulate calcineurin activity. A 2-

fold increase in basal calcineurin activity was detected under no calcium stimulus (t = 0) 

between the parental and the ncr1Δ strain (Figure 13A). Both strains activated Crz1 in 

response to a calcium stimulus but for longer periods of treatment the differences in 
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activity between parental and ncr1Δ cells disappeared. Also, cnb1Δ and cnb1Δncr1Δ 

showed no β-galactosidase activity, consistent with the inactivation of calcineurin[145]. 

These results suggest a mild increase of calcineurin activity in ncr1Δ cells under normal 

growth conditions that is still sensitive to a calcium insult. The analysis of basal Cnb1 

levels by western blot showed no differences between the parental strain and ncr1Δ cells 

(Figure 13B), indicating that the increase of calcineurin activity results from enzyme 

activation and is not due to an increase of Cnb1 levels. 

 

3.3.2. Calcineurin does not regulate the dephosphorylation of Lag1 

 A previous report showed that Lag1/Lac1 phosphorylation was abolished by a 

200 mM calcium stimulus and that deletion of both isoforms of the catalytic subunit of 

calcineurin - Cna1 and Cna2 - blocked the calcium-sensitive process[85]. To assess if the 

activation of calcineurin observed in ncr1Δ cells could regulate Lag1 activity, we 

analysed the phosphorylation state of Lag1 in WT and ncr1Δ cells. As a negative control, 

cells were also treated with FK506, a chemical inhibitor of calcineurin[146]. Yet, no 

difference between Lag1-9myc bands before and after treatment with FK506 were 

observed in WT and ncr1Δ cells (Figure 14). Still, these are preliminary data and further 

testing with other experimental conditions is required to improve the abundance of 

phosphorylated species.   

Figure 13 – The calcineurin-Crz1 pathway is activated in ncr1Δ cells. A – Yeast cells were grown to log-phase (OD600= 
0.6-0.8) in SC-Complete medium lacking uracil. Cells were subjected to a 20mM calcium stimulus for 0,15,30 or 60 mins 
before cell harvesting. β-galactosidase activity was determined with 50 µg of total protein, at 30° for 30 min. Values are 
represented as a mean ± SD of four independent experiments. ** - p < 0.01, *** - p < 0.001; Two-way ANOVA and Dunn’s 
multiple comparison test. B – Yeast cells were grown overnight to log-phase in SC-Complete medium lacking uracil. 
Western blot analysis was done using an anti-cnb1 antibody. 
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3.3.3. Abolishing calcineurin activity does not recover mitochondrial 

fitness in ncr1Δ. 

 We have previously shown that activation of Pkh1-Ypk1 pathway is detrimental 

to the mitochondrial respiratory function of ncr1Δ cells. Given that calcineurin is more 

activated in these cells, we questioned if this event could also impact mitochondrial 

function by affecting complex sphingolipid synthesis given the role of glycosphingolipids 

in the pathophysiological expression of NP-C1[35, 36]. As such, we measured the oxygen 

consumption rate and the growth on non-fermentable media of ncr1Δ cells and the 

CNB1-null counterpart, which has no calcineurin activity. The results show that deletion 

of CNB1 did not revert the mitochondrial respiratory defects exhibited by the ncr1Δ cells 

(Figure 15). Thus, we conclude that calcineurin activity is not directly regulating the 

mitochondrial fitness of ncr1Δ cells. 

Figure 14 – Inhibiton of calcineurin has no impact in the phosphorylation of Lag1 . Yeast cells grown in SC-glucose 
media were treated with 50 µg/mL FK506 for 60 minutes. A total protein extract was used for western blot analysis using 
an anti-c-myc antibody. Pgk1 was used as a loading control. * - expected band for Lag1-9myc protein (59 kDa) 
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3.3.4. Variations in the nuclear location of Crz1 were not discernible 

by standard fluorescence microscopy. 

To explore the activation of Crz1 by calcineurin (see results above) in the yeast 

model of NP-C1, we further decided to assess its subcellular localization. We predicted 

that Crz1 accumulation in the nucleus, consistent with its activation, may be increased 

in ncr1Δ cells. Thus, the parental strain, ncr1Δ and their CNB1-null cells expressing a 

genomically tagged Crz1-GFP were stained with DAPI (for nucleus identification) and 

visualized with fluorescence microscopy. The expected co-localization of GFP signal 

with the nucleus was not significantly increased in ncr1Δ relative to WT (Figure 16) but 

the nuclear localization of Crz1 was reduced by CNB1 deletion in both strains. Still, these 

are preliminary data and must be confirmed since the migration of Crz1 to the nucleus is 

highly sensitive to several stresses (reviewed in [118]). Further experiments are required 

to guarantee that sample manipulation and preparation has no effect on the migration of 

the transcription factor. 

Figure 15 – Suppression of calcineurin activity does not revert the mitochondrial respiratory defects of ncr1Δ 
cells. A - Yeast cells were grown in SC-glucose medium to Post-Diauxic Shift.  Oxygen consumption measurements were 
done with 3x108

 cells resuspended in PBS buffer in a sealed chamber oxygen electrode at room temperature. Values are 
represented as a mean ± SD of three different experiments. ***- p < 0.001; One-way ANOVA, Bonferroni test. B – Yeast 
cells were grown to log-phase in SC-glucose medium and 5-fold serial dilutions were plated in both Sc glucose and Sc 
glycerol plates. One of four representative experiments is shown. 

A B 
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Figure 16 – Effect of NCR1 deletion on the nuclear location of Crz1. YYA3, ncr1Δ and their cnb1-null counterparts 
expressing a genomic Crz1-GFP were grown to log phase in Sc-glucose media and stained with DAPI prior to 
fluorescence microscopy. DAPI colour was changed to red with imageJ to allow for easier identification of co-localization. 
Image editing was performed with ImageJ (1.52a). 
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3.4. Discussion 

Calcineurin is a serine/threonine protein phosphatase conserved between yeast and 

mammals whose activation requires binding to a calcium-Calmodulin complex[145]. Lloyd-

Evans et al showed that the cytosolic calcium levels of NP-C1 cells are altered due to 

sphingosine accumulation in lysosomes[38]. This was the first report linking sphingolipid 

abundance and calcium signalling in this disease. Others have reported a link between 

lysosomal calcium signalling and the activation of the human calcineurin[43]. This led us 

to pursue if calcium homeostasis was affected in ncr1Δ cells, which presents sphingolipid 

abundance alterations. 

Using an indirect assay, we measured the calcineurin activation in ncr1Δ cells in 

normal growth conditions and under calcium treatment. The measurement of the β-

galactosidase activity, which was under the control of a Crz1-regulated regulatory 

element, showed a 2-fold increase in calcineurin-Crz1 activation in ncr1Δ cells relative 

to the parental strain. Moreover, diminishing or upregulating calcineurin activity by CNB1 

deletion or calcium treatment respectively resulted in an equivalent alteration of β-

galactosidase activity, consistent with other reports (Figure 13A)[145]. This lets us propose 

that calcineurin is more active in ncr1Δ cells. Furthermore, since we observed additional 

upregulation of calcineurin activity in ncr1Δ cells with a calcium stimulus, we propose 

that the phosphatase activity is only mildly increased under basal conditions. The levels 

of Cnb1, the regulatory subunit of calcineurin, were similar in ncr1Δ and parental cells. 

suggesting that the mild increase in calcineurin activity may be due to enzyme activation 

and not to protein overexpression. 

Nevertheless, we cannot directly conclude that calcineurin is more active since 

Crz1 is regulated by phosphorylation events that may result from calcineurin activation 

or a kinase downregulation. For instance, Hrr25 is an ortholog to the mammalian Casein 

Kinase 1 that downregulates Crz1 activity and its nuclear migration[121]. Moreover, in 

yeast cells lacking Hrr25, calcineurin can still regulate Crz1 localization, indicating the 

involvement of other unknown kinases[121]. For this reason, further research is required 

to assess if Hrr25 or other kinases targeting Crz1 are altered in ncr1Δ cells and how it 

affects Crz1 location and activity. Moreover, it would be fundamental to measure the 

intracellular levels of calcium in ncr1Δ cells to directly relate with the activation of 

calcineurin.  

 Interestingly, calcineurin can also promote Lag1 dephosphorylation[85]. Indeed, it 

seems that Lag1 is a hub for various signalling pathways and understanding its 

regulation would allow us to better understand sphingolipid biosynthesis. To examine 
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Lag1 as a point of cross-talk with calcium signalling and its role in sphingolipid 

abundance in ncr1Δ, we evaluated if calcineurin could be affecting the activity of Lag1 

kinases. Our preliminary results identified no differences in the phosphorylation of Lag1 

between the WT and ncr1Δ (Figure 14). Still, this must be further confirmed. We 

reasoned that the protein extraction protocol should be improved before proceeding with 

any analysis in SDS-PAGE gels.  

The downregulation of Lag1 activity and the increased CSG1 and CSG2 

expression mediated by the calcineurin-Crz1 pathway indicates that calcineurin 

promotes the turnover of existing ceramides into complex sphingolipids[31, 85, 100, 101, 121] 

suggesting that calcineurin could be a regulator of complex sphingolipid synthesis. 

Moreover, our previous results with the deletion of PIL1, PKH1 and YPK1 in the recovery 

of the mitochondrial dysfunctions of ncr1Δ cells hint for a possible role of sphingolipids 

in the mitochondrial-related phenotypes. Yet, results revealed no recovery of oxygen 

consumption rates or growth on non-fermentable media by deleting CNB1 in ncr1Δ cells 

(Figure 15A-B). We conclude that the mitochondrial defects exhibited by the yeast model 

are independent of calcineurin activity. Given the role of calcineurin in the regulation of 

complex sphingolipid synthesis, proposing that complex sphingolipids do not affect these 

mitochondrial phenotypes is possible. 

The subcellular localization of Crz1 is controlled by calcineurin activity and its 

translocation to the nucleus occurs in short 2-minute bursts whose frequency is 

modulated by the intensity of the calcium stimulus[122, 145, 147, 148]. We looked for subcellular 

alterations in Crz1 location given that calcineurin-Crz1 pathway was upregulated in 

ncr1Δ cells. Yet, by standard fluorescence microscopy, no discernible difference was 

observed in the localization of a GFP tagged Crz1 between WT and ncr1Δ cells. We 

reasoned that the increase in Crz1 migration into the nucleus is not sufficiently detectable 

because of the mild activation of calcineurin paired with the sporadic and short retention 

of Crz1 in the nucleus that was documented previously[122]. Also, calcineurin is 

responsive to a wide array of stimuli, including pH, blue light and temperature and 

additional controls are required to confirm that Crz1 nuclear levels are not modified 

during the assay (reviewed in [118]). 

For this reason, an improvement of the sample manipulation for observation 

under the fluorescence microscope must be considered in future studies to assure that 

this step does not compromise the transcription factor activation. Also, an appropriate 

detection of Crz1 location under mild calcium stimulus would require time-lapse 
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microscopy techniques and sufficient resolution to evaluate differences in Crz1 

frequency migration into the nucleus. 
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Conclusions and future perspectives 

 The exuberance of sphingolipids in NP-C1 partakes in cellular alterations 

detrimental to normal cell function that are pivotal for the pathophysiological expression 

of the disease not only humans but also in simple eukaryotes like S. cerevisiae. Because 

sphingolipid synthesis and regulation are more characterized in yeast, a yeast model for 

NP-C1 potentiates sphingolipid research not currently possible in humans. 

Identifying that activation of Pkh1-Ypk1 signalling and consequent mitochondrial 

defects are mediated by eisosomes in ncr1Δ cells brings us closer to the identification of 

the source of the dysregulated signalling that targets sphingolipid synthesis induction. A 

shared trait between Ypk1 regulators (TORC2, Pkh1, Slm1/2) is the necessity of 

PtdIns4,5P2 species to promote anchoring to the plasma membrane. This raised the 

question of what is the role of PtdIns4,5P2 metabolism or their subcellular location in 

ncr1Δ.  If these lipids have some role in the disease, this may be an open way to identify 

novel drugs that inhibit PtdIns4,5P2 synthesis or antagonize PtdIns4,5P2-PH domain 

interactions to treat NP-C1. Indeed, future investigation of PtdIns4,5P2 dynamics and its 

role in the disease using yeast as a model might serve to improve the current 

therapeutics available for NP-C1 in humans. 

Observing that Lag1 subcellular location in the ER forms punctate structures 

showed that alterations in the sphingolipid synthesis exhibited by ncr1Δ might not result 

only from TORC2/Pkh1-Ypk1 signalling. This is aided by the observation that LAG1 is 

more expressed in ncr1Δ by an Ypk1-indirect mechanism. Lag1 is a target of various 

kinases and phosphatases and the fact that it localizes in ER punctate structures in 

ncr1Δ suggest that others signalling pathways are regulating sphingolipid abundance 

and metabolism. 

Proposing that calcineurin-Crz1 signalling is active in ncr1Δ is strongly suggested 

by our results but still warrant for more analysis of other direct targets of calcineurin 

because Crz1 is regulated by various kinases and their contribution to Crz1 nuclear 

migration is unknown. The fact that Crz1 is promoting a transcriptional response in ncr1Δ 

is the only conclusion taken from our results and urge the need to study cytosolic calcium 

to conclude about calcineurin activation.  

 



 

 

 

5. Chapter 5 – BIBLIOGRAPHY 

 

Chapter 5 

BIBLIOGRAPHY 

 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

46 

Bibliography 

1. Pentchev, P.G., et al., A genetic storage disorder in BALB/C mice with a 

metabolic block in esterification of exogenous cholesterol. J Biol Chem, 1984. 

259(9): p. 5784-91. 

2. Vanier, M.T., Biochemical studies in Niemann-Pick I. Major Sphingolipids of Liver 

and Spleen. Biochim Biophys Acta, 1982. 750: p. 6. 

3. Kruth, H.S., et al., Type C Niemann-Pick disease. Abnormal metabolism of low 

density lipoprotein in homozygous and heterozygous fibroblasts. J Biol Chem, 

1986. 261(35): p. 16769-74. 

4. Vanier, M.T., Niemann-Pick disease type C. Orphanet J Rare Dis, 2010. 5: p. 16. 

5. Geberhiwot, T., et al., Consensus clinical management guidelines for Niemann-

Pick disease type C. Orphanet J Rare Dis, 2018. 13(1): p. 50. 

6. Vanier, M.T., et al., Diagnostic tests for Niemann-Pick disease type C (NP-C): A 

critical review. Mol Genet Metab, 2016. 118(4): p. 244-54. 

7. Walkley, S.U. and M.T. Vanier, Secondary lipid accumulation in lysosomal 

disease. Biochim Biophys Acta, 2009. 1793(4): p. 726-36. 

8. Alvelius, G., et al., Identification of unusual 7-oxygenated bile acid sulfates in a 

patient with Niemann-Pick disease, type C. J Lipid Res, 2001. 42: p. 7. 

9. Scott, C. and Y.A. Ioannou, The NPC1 protein: structure implies function. Biochim 

Biophys Acta, 2004. 1685(1-3): p. 8-13. 

10. Davies, J.P. and Y.A. Ioannou, Topological analysis of Niemann-Pick C1 protein 

reveals that the membrane orientation of the putative sterol-sensing domain is 

identical to those of 3-hydroxy-3-methylglutaryl-CoA reductase and sterol 

regulatory element binding protein cleavage-activating protein. J Biol Chem, 

2000. 275(32): p. 24367-74. 

11. Li, X., et al., Structure of human Niemann-Pick C1 protein. Proc Natl Acad Sci U 

S A, 2016. 113(29): p. 8212-7. 

12. Infante, R.E., et al., NPC2 facilitates bidirectional transfer of cholesterol between 

NPC1 and lipid bilayers, a step in cholesterol egress from lysosomes. Proc Natl 

Acad Sci U S A, 2008. 105(40): p. 15287-92. 

13. Pfeffer, S.R., Clues to NPC1-mediated cholesterol export from lysosomes. Proc 

Natl Acad Sci U S A, 2016. 113(29): p. 7941-3. 

14. Kennedy, B.E., M. Charman, and B. Karten, Niemann-Pick Type C2 protein 

contributes to the transport of endosomal cholesterol to mitochondria without 

interacting with NPC1. J Lipid Res, 2012. 53(12): p. 2632-42. 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

47 

15. Xu, Z., et al., Regulation of sterol transport between membranes and NPC2. 

Biochemistry, 2008. 47(42): p. 11134-43. 

16. Cheruku, S.R., et al., Mechanism of cholesterol transfer from the Niemann-Pick 

type C2 protein to model membranes supports a role in lysosomal cholesterol 

transport. J Biol Chem, 2006. 281(42): p. 31594-604. 

17. Zhang, M., et al., Cessation of rapid late endosomal tubulovesicular trafficking in 

Niemann-Pick type C1 disease. Proc Natl Acad Sci U S A, 2001. 98(8): p. 4466-

71. 

18. Park, W.D., et al., Identification of 58 novel mutations in Niemann-Pick disease 

type C: correlation with biochemical phenotype and importance of PTC1-like 

domains in NPC1. Hum Mutat, 2003. 22(4): p. 313-25. 

19. Malathi, K., et al., Mutagenesis of the putative sterol-sensing domain of yeast 

Niemann Pick C-related protein reveals a primordial role in subcellular 

sphingolipid distribution. J Cell Biol, 2004. 164(4): p. 547-56. 

20. Kaufmann, A.M. and J.P. Krise, Niemann-Pick C1 functions in regulating 

lysosomal amine content. J Biol Chem, 2008. 283(36): p. 24584-93. 

21. Araki, Y., et al., Ethanol stress stimulates the Ca2+-mediated calcineurin/Crz1 

pathway in Saccharomyces cerevisiae. J Biosci Bioeng, 2009. 107(1): p. 1-6. 

22. Watari, H., et al., Determinants of NPC1 expression and action: key promoter 

regions, posttranscriptional control, and the importance of a "cysteine-rich" loop. 

Exp Cell Res, 2000. 259(1): p. 247-56. 

23. Gevry, N., et al., Cholesterol supply and SREBPs modulate transcription of the 

Niemann-Pick C-1 gene in steroidogenic tissues. J Lipid Res, 2008. 49(5): p. 

1024-33. 

24. Davies, J.P., F.W. Chen, and Y.A. Ioannou, Transmembrane molecular pump 

activity of Niemann-Pick C1 protein. Science, 2000. 290(5500): p. 2295-8. 

25. Oliveira, A.V., et al., Exploring the power of yeast to model aging and age-related 

neurodegenerative disorders. Biogerontology, 2017. 18(1): p. 3-34. 

26. White, N.M., D.A. Corey, and T.J. Kelley, Mechanistic similarities between 

cultured cell models of cystic fibrosis and niemann-pick type C. Am J Respir Cell 

Mol Biol, 2004. 31(5): p. 538-43. 

27. Puri, V., et al., Cholesterol modulates membrane traffic along the endocytic 

pathway in sphingolipid-storage diseases. Nat Cell Biol, 1999. 1(6): p. 386-8. 

28. Liscum, L., et al., Identification of a pharmaceutical compound that partially 

corrects the Niemann-Pick C phenotype in cultured cells. J Lipid Res, 2002. 

43(10): p. 1708-1717. 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

48 

29. Walter, M., et al., Endosomal lipid accumulation in NPC1 leads to inhibition of 

PKC, hypophosphorylation of vimentin and Rab9 entrapment. Biol Cell, 2009. 

101(3): p. 141-52. 

30. te Vruchte, D., et al., Accumulation of glycosphingolipids in Niemann-Pick C 

disease disrupts endosomal transport. J Biol Chem, 2004. 279(25): p. 26167-75. 

31. Uemura, S., et al., Regulation of the transport and protein levels of the inositol 

phosphorylceramide mannosyltransferases Csg1 and Csh1 by the Ca2+-binding 

protein Csg2. J Biol Chem, 2007. 282(12): p. 8613-21. 

32. Zervas, M., et al., Critical role for glycosphingolipids in Niemann-Pick disease 

type C. Curr Biol, 2001. 11(16): p. 1283-1287. 

33. Salvioli, R., et al., Glucosylceramidase mass and subcellular localization are 

modulated by cholesterol in Niemann-Pick disease type C. J Biol Chem, 2004. 

279(17): p. 17674-80. 

34. Regina Todeschini, A. and S.I. Hakomori, Functional role of glycosphingolipids 

and gangliosides in control of cell adhesion, motility, and growth, through 

glycosynaptic microdomains. Biochim Biophys Acta, 2008. 1780(3): p. 421-33. 

35. Patterson, M.C., et al., Miglustat for treatment of Niemann-Pick C disease: a 

randomised controlled study. Lancet Neurology, 2007. 6(9): p. 765-772. 

36. D'Arcangelo, G., et al., Miglustat Reverts the Impairment of Synaptic Plasticity in 

a Mouse Model of NPC Disease. Neural Plast, 2016. 2016: p. 3830424. 

37. Cyert, M.S., Genetic analysis of calmodulin and its targets in Saccharomyces 

cerevisiae. Annu Rev Genet, 2001. 35: p. 647-72. 

38. Lloyd-Evans, E., et al., Niemann-Pick disease type C1 is a sphingosine storage 

disease that causes deregulation of lysosomal calcium. Nat Med, 2008. 14(11): 

p. 1247-55. 

39. Chevallier, J., et al., Lysobisphosphatidic acid controls endosomal cholesterol 

levels. J Biol Chem, 2008. 283(41): p. 27871-80. 

40. Devlin, C., et al., Improvement in lipid and protein trafficking in Niemann-Pick C1 

cells by correction of a secondary enzyme defect. Traffic, 2010. 11(5): p. 601-15. 

41. Rodriguez-Lafrasse, C., et al., Free sphingoid bases in tissues from patients with 

type C Niemann-Pick disease and other lysosomal storage disorders. Biochim 

Biophys Acta, 1994. 1226(2): p. 138-144. 

42. Höglinger, D., et al., Intracellular sphingosine releases calcium from lysosomes. 

eLife, 2015. 4: p. e10616. 

43. Medina, D.L., et al., Lysosomal calcium signalling regulates autophagy through 

calcineurin and TFEB. Nat Cell Biol, 2015. 17(3): p. 288-99. 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

49 

44. Medina, D.L., et al., Transcriptional activation of lysosomal exocytosis promotes 

cellular clearance. Dev Cell, 2011. 21(3): p. 421-30. 

45. Sarkar, S., et al., Impaired autophagy in the lipid-storage disorder Niemann-Pick 

type C1 disease. Cell Rep, 2013. 5(5): p. 1302-15. 

46. Ordonez, M.P., et al., Disruption and therapeutic rescue of autophagy in a human 

neuronal model of Niemann Pick type C1. Hum Mol Genet, 2012. 21(12): p. 2651-

62. 

47. Pacheco, C.D. and A.P. Lieberman, The pathogenesis of Niemann-Pick type C 

disease: a role for autophagy? Expert Rev Mol Med, 2008. 10: p. e26. 

48. Elrick, M.J., et al., Impaired proteolysis underlies autophagic dysfunction in 

Niemann-Pick type C disease. Hum Mol Genet, 2012. 21(22): p. 4876-87. 

49. Aramburu, J., A. Rao, and C.B. Klee, Calcineurin: From structure to function. 

2001. 36: p. 237-295. 

50. Ito, T., et al., A comprehensive two-hybrid analysis to explore the yeast protein 

interactome. Proc Natl Acad Sci U S A, 2001. 98(8): p. 4569-74. 

51. Lipshutz, R.J., et al., High density synthetic oligonucleotide arrays. Nat Genet, 

1999. 21(1 Suppl): p. 20-4. 

52. Nielsen, J., Systems biology of lipid metabolism: from yeast to human. FEBS Lett, 

2009. 583(24): p. 3905-13. 

53. Walberg, M.W., Applicability of Yeast Genetics to Neurologic Disease. Archives 

of Neurology, 2000. 57(8): p. 1129. 

54. Smith, M.G. and M. Snyder, Yeast as a model for human disease. Curr Protoc 

Hum Genet, 2006. Chapter 15: p. Unit 15 6. 

55. Rego, A., et al., The yeast model system as a tool towards the understanding of 

apoptosis regulation by sphingolipids. FEMS Yeast Res, 2014. 14(1): p. 160-78. 

56. Ho, Y., et al., Systematic identification of protein complexes in Saccharomyces 

cerevisiae by mass spectrometry. Nature, 2002. 415(6868): p. 180-3. 

57. Gable, K., et al., A Disease-causing Mutation in the Active Site of Serine 

Palmitoyltransferase Causes Catalytic Promiscuity. Journal of Biological 

Chemistry, 2010. 285(30): p. 22846-22852. 

58. Hornemann, T., et al., Cloning and initial characterization of a new subunit for 

mammalian serine-palmitoyltransferase. J Biol Chem, 2006. 281(49): p. 37275-

81. 

59. Gupta, S.D., et al., Tsc10p and FVT1: topologically distinct short-chain 

reductases required for long-chain base synthesis in yeast and mammals. J Lipid 

Res, 2009. 50(8): p. 1630-40. 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

50 

60. Beeler, T., et al., The Saccharomyces cerevisiae TSC10/YBR265w Gene 

Encoding 3-Ketosphinganine Reductase Is Identified in a Screen for 

Temperature-sensitive Suppressors of the Ca2+-sensitive csg2Δ Mutant. Journal 

of Biological Chemistry, 1998. 273(46): p. 30688-30694. 

61. Guillas, I., et al., C26-CoA-dependent ceramide synthesis of Saccharomyces 

cerevisiae is operated by Lag1p and Lac1p. EMBO J, 2001. 20(11): p. 2655-65. 

62. Schorling, S., et al., Lag1p and Lac1p are essential for the Acyl-CoA-dependent 

ceramide synthase reaction in Saccharomyces cerevisae. Mol Biol Cell, 2001. 

12(11): p. 3417-27. 

63. Haak, D., et al., Hydroxylation ofSaccharomyces cerevisiaeCeramides Requires 

Sur2p and Scs7p. Journal of Biological Chemistry, 1997. 272(47): p. 29704-

29710. 

64. van Meer, G. and J.C.M. Holthuis, Sphingolipid transport in eukaryotic cells. 

Biochim Biophys Acta, 2000. 1486(1): p. 145-170. 

65. Hannun, Y. and R. Bell, Functions of sphingolipids and sphingolipid breakdown 

products in cellular regulation. Science, 1989. 243(4890): p. 500-507. 

66. Kolter, T., R.L. Proia, and K. Sandhoff, Combinatorial ganglioside biosynthesis. 

J Biol Chem, 2002. 277(29): p. 25859-62. 

67. Dickson, R.C. and R.L. Lester, Yeast sphingolipids. Biochimica et Biophysica 

Acta (BBA) - General Subjects, 1999. 1426(2): p. 347-357. 

68. Becker, G.W. and R.L. Lester, Biosynthesis of phosphoinositol-containing 

sphingolipids from phosphatidylinositol by a membrane preparation from 

Saccharomyces cerevisiae. Journal of Bacteriology, 1980. 142(3): p. 747-754. 

69. Sato, K., Y. Noda, and K. Yoda, Kei1: a novel subunit of 

inositolphosphorylceramide synthase, essential for its enzyme activity and Golgi 

localization. Mol Biol Cell, 2009. 20(20): p. 4444-57. 

70. van der Rest, M.E., et al., The plasma membrane of Saccharomyces cerevisiae: 

structure, function, and biogenesis. Microbiol Rev, 1995. 59(2): p. 304-322. 

71. Munn, A.L., Endocytosis is required for the growth of vacuolar H(+)-ATPase- 

defective yeast: identification of six new END genes. J Cell Biol, 1994. 127(2): p. 

373-386. 

72. Sutterlin, C., et al., Specific requirements for the ER to Golgi transport of GPI-

anchored proteins in yeast. J Cell Sci, 1997. 110(21): p. 2703-2714. 

73. Zanolari, B., et al., Sphingoid base synthesis requirement for endocytosis in 

Saccharomyces cerevisiae. EMBO J, 2000. 19(12): p. 2824-33. 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

51 

74. Proszynski, T.J., et al., A genome-wide visual screen reveals a role for 

sphingolipids and ergosterol in cell surface delivery in yeast. Proc Natl Acad Sci 

U S A, 2005. 102(50): p. 17981-6. 

75. Gaigg, B., A. Toulmay, and R. Schneiter, Very long-chain fatty acid-containing 

lipids rather than sphingolipids per se are required for raft association and stable 

surface transport of newly synthesized plasma membrane ATPase in yeast. J 

Biol Chem, 2006. 281(45): p. 34135-45. 

76. Horvath, A., et al., Ceramide synthesis enhances transport of GPI-anchored 

proteins to the Golgi apparatus in yeast. The EMBO Journal, 1994. 13(16): p. 

3687-3695. 

77. Bagnat, M., et al., Lipid rafts function in biosynthetic delivery of proteins to the 

cell surface in yeast. Proc Natl Acad Sci U S A, 2000. 97(7): p. 3254-9. 

78. Bagnat, M. and K. Simons, Cell surface polarization during yeast mating. Proc 

Natl Acad Sci U S A, 2002. 99(22): p. 14183-8. 

79. Chung, N., et al., Phytosphingosine as a specific inhibitor of growth and nutrient 

import in Saccharomyces cerevisiae. J Biol Chem, 2001. 276(38): p. 35614-21. 

80. Chung, N., et al., Sphingolipids signal heat stress-induced ubiquitin-dependent 

proteolysis. J Biol Chem, 2000. 275(23): p. 17229-32. 

81. Malinska, K., et al., Visualization of protein compartmentation within the plasma 

membrane of living yeast cells. Mol Biol Cell, 2003. 14(11): p. 4427-36. 

82. Birchwood, C.J., et al., Calcium influx and signaling in yeast stimulated by 

intracellular sphingosine 1-phosphate accumulation. J Biol Chem, 2001. 276(15): 

p. 11712-8. 

83. Sun, Y., et al., Orm protein phosphoregulation mediates transient sphingolipid 

biosynthesis response to heat stress via the Pkh-Ypk and Cdc55-PP2A 

pathways. Mol Biol Cell, 2012. 23(12): p. 2388-98. 

84. Roelants, F.M., et al., Protein kinase Ypk1 phosphorylates regulatory proteins 

Orm1 and Orm2 to control sphingolipid homeostasis in Saccharomyces 

cerevisiae. Proc Natl Acad Sci U S A, 2011. 108(48): p. 19222-7. 

85. Muir, A., et al., TORC2-dependent protein kinase Ypk1 phosphorylates ceramide 

synthase to stimulate synthesis of complex sphingolipids. eLife, 2014. 3: p. 

e03779 

86. Breslow, D.K., et al., Orm family proteins mediate sphingolipid homeostasis. 

Nature, 2010. 463(7284): p. 1048-53. 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

52 

87. Helliwell, S.B., et al., TOR2 Is Part of Two Related Signaling Pathways 

Coordinating Cell Growth in Saccharomyces cerevisiae. Genetics, 1998. 148(1): 

p. 99-112. 

88. Kamada, Y., et al., Tor2 directly phosphorylates the AGC kinase Ypk2 to regulate 

actin polarization. Mol Cell Biol, 2005. 25(16): p. 7239-48. 

89. Schmidt, A., J. Kunz, and M.N. Hall, TOR2 is required for organization of the actin 

cytoskeleton in yeast. Proc Natl Acad Sci U S A, 1996. 93(24): p. 13780-13785. 

90. deHart, A.K., et al., The conserved Pkh-Ypk kinase cascade is required for 

endocytosis in yeast. J Cell Biol, 2002. 156(2): p. 241-8. 

91. deHart, A.K., et al., Receptor internalization in yeast requires the Tor2-Rho1 

signaling pathway. Mol Biol Cell, 2003. 14(11): p. 4676-84. 

92. Mulet, J.M., et al., Mutual antagonism of target of rapamycin and calcineurin 

signaling. J Biol Chem, 2006. 281(44): p. 33000-7. 

93. Gaubitz, C., et al., TORC2 Structure and Function. Trends Biochem Sci, 2016. 

41(6): p. 532-545. 

94. Pan, D. and Y. Matsuura, Structures of the pleckstrin homology domain of 

Saccharomyces cerevisiae Avo1 and its human orthologue Sin1, an essential 

subunit of TOR complex 2. Acta Crystallogr Sect F Struct Biol Cryst Commun, 

2012. 68(Pt 4): p. 386-92. 

95. Berchtold, D., et al., Plasma membrane stress induces relocalization of Slm 

proteins and activation of TORC2 to promote sphingolipid synthesis. Nat Cell 

Biol, 2012. 14(5): p. 542-7. 

96. Roelants, F.M., et al., TOR Complex 2-Regulated Protein Kinase Fpk1 Stimulates 

Endocytosis via Inhibition of Ark1/Prk1-Related Protein Kinase Akl1 in 

Saccharomyces cerevisiae. Mol Cell Biol, 2017. 37(7). 

97. Niles, B.J. and T. Powers, Plasma membrane proteins Slm1 and Slm2 mediate 

activation of the AGC kinase Ypk1 by TORC2 and sphingolipids in S. cerevisiae. 

Cell Cycle, 2012. 11(20): p. 3745-9. 

98. Audhya, A., et al., Genome-wide lethality screen identifies new PI4,5P2 effectors 

that regulate the actin cytoskeleton. EMBO J, 2004. 23(19): p. 3747-57. 

99. Daquinag, A., et al., The yeast PH domain proteins Slm1 and Slm2 are targets of 

sphingolipid signaling during the response to heat stress. Mol Cell Biol, 2007. 

27(2): p. 633-50. 

100. Aronova, S., et al., Regulation of ceramide biosynthesis by TOR complex 2. Cell 

Metab, 2008. 7(2): p. 148-58. 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

53 

101. Tabuchi, M., et al., The phosphatidylinositol 4,5-biphosphate and TORC2 binding 

proteins Slm1 and Slm2 function in sphingolipid regulation. Mol Cell Biol, 2006. 

26(15): p. 5861-75. 

102. Casamayor, A., et al., Functional counterparts of mammalian protein kinases 

PDK1 and SGK in budding yeast. Curr Biol, 1999. 9(4): p. 186-97. 

103. Roelants, F.M., et al., Pkh1 and Pkh2 differentially phosphorylate and activate 

Ypk1 and Ykr2 and define protein kinase modules required for maintenance of 

cell wall integrity. Mol Biol Cell, 2002. 13(9): p. 3005-28. 

104. Karotki, L., et al., Eisosome proteins assemble into a membrane scaffold. J Cell 

Biol, 2011. 195(5): p. 889-902. 

105. Liu, K., et al., The sphingoid long chain base phytosphingosine activates AGC-

type protein kinases in Saccharomyces cerevisiae including Ypk1, Ypk2, and 

Sch9. J Biol Chem, 2005. 280(24): p. 22679-87. 

106. Roelants, F.M., et al., A protein kinase network regulates the function of 

aminophospholipid flippases. Proc Natl Acad Sci U S A, 2010. 107(1): p. 34-9. 

107. Frohlich, F., et al., A role for eisosomes in maintenance of plasma membrane 

phosphoinositide levels. Mol Biol Cell, 2014. 25(18): p. 2797-806. 

108. Kabeche, R., et al., A Pil1-Sle1-Syj1-Tax4 functional pathway links eisosomes 

with PI(4,5)P2 regulation. J Cell Sci, 2014. 127(Pt 6): p. 1318-26. 

109. Liu, M., et al., Regulation of sphingolipid synthesis through Orm1 and Orm2 in 

yeast. J Cell Sci, 2012. 125(Pt 10): p. 2428-35. 

110. Fresques, T., et al., Regulation of ceramide synthase by casein kinase 2-

dependent phosphorylation in Saccharomyces cerevisiae. J Biol Chem, 2015. 

290(3): p. 1395-403. 

111. King, C.C., et al., Sphingosine is a novel activator of 3-phosphoinositide-

dependent kinase 1. J Biol Chem, 2000. 275(24): p. 18108-13. 

112. Liu, P., et al., PtdIns(3,4,5)P3-Dependent Activation of the mTORC2 Kinase 

Complex. Cancer Discov, 2015. 5(11): p. 1194-209. 

113. Garcia-Martinez, J.M. and D.R. Alessi, mTOR complex 2 (mTORC2) controls 

hydrophobic motif phosphorylation and activation of serum- and glucocorticoid-

induced protein kinase 1 (SGK1). Biochem J, 2008. 416(3): p. 375-85. 

114. Kobayashi, T. and P. Cohen, Activation of serum- and glucocorticoid-regulated 

protein kinase by agonists that activate phosphatidylinositide 3-kinase is 

mediated by 3-phosphoinositide-dependent protein kinase-1 (PDK1) and PDK2. 

Biochemical Journal, 1999. 339(2): p. 319-328. 

115. Hjelmqvist, L., et al., ORMDL proteins are a conserved new family of endoplasmic 

reticulum membrane proteins. Genome Biol, 2002. 3(6): p. research0027.1. 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

54 

116. Siow, D.L. and B.W. Wattenberg, Mammalian ORMDL proteins mediate the 

feedback response in ceramide biosynthesis. J Biol Chem, 2012. 287(48): p. 

40198-204. 

117. Li, H., A. Rao, and P.G. Hogan, Interaction of calcineurin with substrates and 

targeting proteins. Trends Cell Biol, 2011. 21(2): p. 91-103. 

118. Thewes, S., Calcineurin-Crz1 signaling in lower eukaryotes. Eukaryot Cell, 2014. 

13(6): p. 694-705. 

119. Guiney, E.L., et al., Calcineurin regulates the yeast synaptojanin Inp53/Sjl3 

during membrane stress. Mol Biol Cell, 2015. 26(4): p. 769-85. 

120. Goldman, A., et al., The calcineurin signaling network evolves via conserved 

kinase-phosphatase modules that transcend substrate identity. Mol Cell, 2014. 

55(3): p. 422-435. 

121. Cyert, M.S., Calcineurin signaling in Saccharomyces cerevisiae: how yeast go 

crazy in response to stress. Biochem Biophys Res Commun, 2003. 311(4): p. 

1143-1150. 

122. Cai, L., C.K. Dalal, and M.B. Elowitz, Frequency-modulated nuclear localization 

bursts coordinate gene regulation. Nature, 2008. 455(7212): p. 485-90. 

123. Yoshimoto, H., et al., Genome-wide analysis of gene expression regulated by the 

calcineurin/Crz1p signaling pathway in Saccharomyces cerevisiae. J Biol Chem, 

2002. 277(34): p. 31079-88. 

124. Muir, A., Systematic identification of proteins regulated by TOR complex2-

dependent kinase ypk1 in Saccharomyces cerevisiae. 2015, University of 

California, Berkeley. 

125. Pereira, C., et al., Contribution of yeast models to neurodegeneration research. 

J Biomed Biotechnol, 2012. 2012: p. 941232. 

126. Khurana, V. and S. Lindquist, Modelling neurodegeneration in Saccharomyces 

cerevisiae: why cook with baker's yeast? Nat Rev Neurosci, 2010. 11(6): p. 436-

49. 

127. Rajakumar, T., A.B. Munkacsi, and S.L. Sturley, Exacerbating and reversing 

lysosomal storage diseases: from yeast to humans. Microb Cell, 2017. 4(9): p. 

278-293. 

128. Vilaca, R., et al., Sphingolipid signalling mediates mitochondrial dysfunctions and 

reduced chronological lifespan in the yeast model of Niemann-Pick type C1. Mol 

Microbiol, 2014. 91(3): p. 438-51. 

129. Vilaca, R., et al., The ceramide activated protein phosphatase Sit4 impairs 

sphingolipid dynamics, mitochondrial function and lifespan in a yeast model of 

Niemann-Pick type C1. Biochim Biophys Acta, 2018. 1864(1): p. 79-88. 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

55 

130. Vanier, M.T., Complex lipid trafficking in Niemann-Pick disease type C. J Inherit 

Metab Dis, 2015. 38(1): p. 187-99. 

131. Zampieri, S., et al., Oxidative stress in NPC1 deficient cells: protective effect of 

allopregnanolone. J Cell Mol Med, 2009. 13(9B): p. 3786-96. 

132. Brett, C.L., et al., Genome-wide analysis reveals the vacuolar pH-stat of 

Saccharomyces cerevisiae. PLoS One, 2011. 6(3): p. e17619. 

133. Munkacsi, A.B., et al., An "exacerbate-reverse" strategy in yeast identifies histone 

deacetylase inhibition as a correction for cholesterol and sphingolipid transport 

defects in human Niemann-Pick type C disease. J Biol Chem, 2011. 286(27): p. 

23842-51. 

134. Bubna, A.K., Vorinostat-An Overview. Indian J Dermatol, 2015. 60(4): p. 419. 

135. Wos, M., et al., Mitochondrial dysfunction in fibroblasts derived from patients with 

Niemann-Pick type C disease. Arch Biochem Biophys, 2016. 593: p. 50-9. 

136. Osellame, L.D. and M.R. Duchen, Quality control gone wrong: mitochondria, 

lysosomal storage disorders and neurodegeneration. Br J Pharmacol, 2014. 

171(8): p. 1958-72. 

137. Platt, F.M., Sphingolipid lysosomal storage disorders. Nature, 2014. 510(7503): 

p. 68-75. 

138. Lloyd-Evans, E. and F.M. Platt, Lysosomal Ca(2+) homeostasis: role in 

pathogenesis of lysosomal storage diseases. Cell Calcium, 2011. 50(2): p. 200-

5. 

139. Daniel Gietz, R. and R.A. Woods, Transformation of yeast by lithium 

acetate/single-stranded carrier DNA/polyethylene glycol method. 2002. 350: p. 

87-96. 

140. Swinnen, E., et al., The protein kinase Sch9 is a key regulator of sphingolipid 

metabolism in Saccharomyces cerevisiae. Mol Biol Cell, 2014. 25(1): p. 196-211. 

141. Lowry, O.H., et al., PROTEIN MEASUREMENT WITH THE FOLIN PHENOL 

REAGENT. J Biol Chem, 1951. 193(1): p. 265-275. 

142. Zhang, X., R.L. Lester, and R.C. Dickson, Pil1p and Lsp1p negatively regulate 

the 3-phosphoinositide-dependent protein kinase-like kinase Pkh1p and 

downstream signaling pathways Pkc1p and Ypk1p. J Biol Chem, 2004. 279(21): 

p. 22030-8. 

143. Fontes, V.F.B., TORC2/Pkh1-Ypk1 pathway is activated in a yeast model of 

Niemann-Pick type C1 disease. 2017, University of Porto. 

144. Guerreiro, J.F., et al., Sphingolipid biosynthesis upregulation by TOR complex 2-

Ypk1 signaling during yeast adaptive response to acetic acid stress. Biochem J, 

2016. 473(23): p. 4311-4325. 



 

 

FCUP ICBAS 

The role of eisosomes and calcineurin in a yeast model for Niemann-Pick type C1 

56 

145. Stathopoulos-Gerontides, A., J. Guo, and M.S. Cyert, Yeast calcineurin regulates 

nuclear localization of the Crz1p transcription factor through dephosphorylation. 

Genes Dev, 1999. 13 7: p. 798-803. 

146. Liu, J., et al., Calcineurin is a common target of cyclophilin-cyclosporin A and 

FKBP-FK506 complexes. Cell, 1991. 66(4): p. 807-815. 

147. Polizotto, R.S. and M.S. Cyert, Calcineurin-dependent nuclear import of the 

transcription factor Crz1p requires Nmd5p. J Cell Biol, 2001. 154(5): p. 951-60. 

148. Boustany, L.M. and M.S. Cyert, Calcineurin-dependent regulation of Crz1p 

nuclear export requires Msn5p and a conserved calcineurin docking site. Genes 

Dev, 2002. 16(5): p. 608-19. 

 


