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1. Sphingolipids  

 

Sphingolipids (SLs) encompass a large and diverse family of lipids that are 

essential constituents of cellular membranes. In addition to their structural 

functions, SLs are also emerging as important signalling molecules with an 

essential role in controlling different cellular processes such as cell 

proliferation, growth, migration, differentiation, senescence and apoptosis 

[1]. 

 

SLs are generally composed of a polar head group and two nonpolar tails: a 

18-carbon chain aminoalcohol, also known as sphingoid base, and a fatty 

acid moiety attached via a N-acyl linkage [2]. 

  

Sphingoid bases are long-chain aliphatic compounds, being sphingosine, 

sphinganine and phytosphingosine, the most frequently found sphingoid 

bases in mammal tissues. Sphingosine (So) is characterized by the 

presence of a C4 trans double bond, while its two natural analogues, 

dihydrosphingosine (dhSo), also named sphinganine (Sa), and the C4-

hydroxylated phytosphingosine (PHS) are their saturated counterparts. 

These compounds can exist in free form or attached to a fatty acid via an 

amide bond to form Ceramides (Cer), dihydroceramides (dhCer) and 

phytoceramides. Complex SLs, such as sphingomyelins (SM), 

glucosylceramides (GlcCer) or galactosylceramides (GalCer) are obtained 

from Cer by addition of a head group to the 1-hydroxy group. Moreover, 

phosphorylation of the C1 hydroxy group originates the corresponding 

phosphorylated forms of the sphingoid bases, dihydropshingosine-1-

phosphate (dhS1P) and sphingosine-1-phosphate (S1P) (Figure 1) [3].  
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Figure 1. Structures of the most representative SLs found in mammals. 

 
 

1.1. Sphingolipid metabolism in mammals  

 

Cer and dhCer are the central molecules of SLs metabolism. Cer can be 

produced by three different mechanisms: the de novo synthesis, the 

hydrolysis of complex lipids, especially SM [1], and the salvage pathway 

(Figure 2).		
	

The de novo synthesis of Cer begins with the condensation of serine and 

palmitoyl-CoA catalyzed by serine palmitoyl transferase (SPT) to give 3-

ketodihydrosphingosine (KSa). This compound is then reduced to 

dihydrosphingosine by 3-ketodihydrosphingosine reductase (KSR), followed 

by the acylation of the amino group to produce dhCer. The final reaction is 

the Δ4-desaturation of dhCer to give Cer carried out by dihydroceramide 

desaturase (Des1) [3–5]. The formed Cer can be further metabolized to 

other SLs (Figure 2). As an example, SM is formed upon addition of a 

phosphocholine headgroup to Cer catalyzed by sphingomyelin synthase 

(SMS). Cer can also be converted by ceramide kinase (CK or CERK) to 

ceramide-1-phosphate (C1P), or be transformed to GlcCer by 
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glucosylceramide synthase (GlcCerS), which in turn can be metabolized to a 

vast array of complex glycosphingolipids (GSLs). Additionally, GalCer can 

also be generated from Cer by means of galactosylceramide synthase 

(GalCerS) and it serves as a starting point for the synthesis of sulfatides.  

 

 
Figure 2. Ceramide as the central molecule of sphingolipid metabolism. 

Abbreviations: KSa, 3-ketodihydrosphingosine; Sa, sphinganine; dhS1P, dihydropshingosine-
1-phosphate; dhCer, dihydroceramide; Cer, ceramide; So, Sphingosine; S1P, sphingosine-1-
phosphate; PEA, ethanolamine phosphate; SM, sphingomyelin; GlcCer, glucosylceramides; 
C1P, ceramide-1-phosphate; SPT, serine palmitoyl transferase; KSR, 3-
ketodihydrosphingosine reductase; CDase, Ceramidase; CerS, ceramide synthase; Des1, 
dihydroceramide desaturase 1; S1PP, sphingosine 1-phosphate phosphatase; SK, 
Sphingosine kinase; S1PL, sphingosine-1-phosphate lyase; SMS, sphingomyelin synthase; 
SMase, sphingomyelinase; GlcCerS, glucosylceramide synthase; GBA, glucocerebrosidase; 
CK, ceramide kinase; C1PP, ceramide-1-phosphate phosphatase. 
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The Cer can also be metabolized by ceramidases that release the amide-

linked fatty acid to form So, which can leave the lysosome and move to the 

endoplasmic reticulum where it will be phosphorylated to from S1P. The last 

and irreversible step in the degradation of SL is catalyzed by sphingosine-1-

phosphate lyase (S1PL), an enzyme involved in the retroaldolic breakdown 

of S1P to give ethanolamine phosphate and (E)-2-hexadecenal (Figure 2) 

[3]. 

 

The other alternative source of Cer is the sphingomyelin pathway, which is 

a catabolic pathway in which Cer is produced via hydrolysis of SM through 

the action of either acid or neutral sphingomyelinases (aSMases; nSMases). 

Another important source of Cer is the salvage pathway represented by the 

catabolism of S1P or C1P by phosphatases or the breakdown of complex 

sphingolipids as GlcCer and GalCer by specific lysosomal hydrolases [3,6].  

 

1.2. Compartmentalization and transport of Sphingolipids  

	
SLs experience a rapid turnover and their levels are controlled by the 

balance between synthesis and degradation occurring in multiple 

compartments [6]. Progress in our understanding of SLs metabolism has 

generated a large body of evidence demonstrating the existence of multiple 

enzymes that, albeit differently located, catalyse the same reaction. The 

functional reason for this multiplicity is to enable organelle-specific activities 

and to separate regulatory mechanisms. Moreover, some enzymes present 

different substrate specificity what results in the formation of particular 

molecular species. As an example, six different ceramide synthases (CerS) 

can coexists in cells and even though they all carry the same reaction, each 

enzyme presents a different substrate specificity towards the acyl CoA chain 

length used for N-acylation, thus generating Cer species that range from 

C16-Cer to C24-Cer [7]. 

 

Sphingolipids are mainly synthesized in the endoplasmic reticulum (ER) and 

the Golgi apparatus and are then transported to the plasma membrane and 

other organelles [8]. 
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Figure 3. Sphingolipids compartmentalization and transport. The dashed arrows 
show the salvage pathway. From Hannun Y. 2008 [6]    

 

The initial steps of the de novo synthesis of SLs occur on the cytosolic face 

of the endoplasmic reticulum (ER) and possibly in ER-associated 

membranes, such as the perinuclear membrane and mitochondria 

associated membranes (MAMs). Cer formed in the ER is then transported to 

the Golgi and converted to SM and GlcCer, which in turn will be the starting 

point for the synthesis of complex GSLs [9]. 

 

The transport of Cer to the Golgi apparatus may occur by two specific 

pathways, either through the action of the transfer protein CERT, which 

specifically delivers Cer for SM synthesis, or through vesicular transport, 

which delivers Cer for the synthesis of GlcCer. Another transport protein, 

FAPP2, is required for the synthesis of GSLs from GlcCer [6,10]. 

 

The synthesis of complex GSLs occurs in the luminal side of the Golgi 

complex. Therefore, GlcCer needs to flip from the cytosolic surface to the 



	 8	

inside of the Golgi. This mechanism is supported by the ABC transporter P-

glycoprotein (MDR1). Subsequently, SM and complex GSLs are transported 

to the plasma membrane via vesicular trafficking. SM is an important 

structural element of biological membranes and together with cholesterol 

forms ordered domains that constitute important signalling platforms for 

proteins. As a result, the plasma membrane contains a large proportion of 

the total cellular SM content. Plasma membrane SM can be metabolized to 

Cer by aSMase, present in the outer membrane leaflet, or by nSMases, 

located in the inner leaflet of the bilayer. Internalization of membrane SLs 

proceeds through the endosomal pathway and once inside the cells, SM and 

GlcCer can travel to the lysosomal compartment where they will be 

metabolized to Cer by aSMase and glucosidases. The resulting Cer is then 

hydrolyzed by acid ceramidase (AC) to form So, which after leaving the 

cytosol can be recycled again in the ER to form Cer [1,6].
 

 

1.3. Sphingolipids in disease  

 

Mutations in enzymes involved in SLs metabolism have been found to 

underlie a number of rare inherited disorders (Table 1) [11,12]. 

 

Among the five human genes encoding ceramidases, the one encoding acid 

lysosomal ceramidase, ASAH1, is known to underlie human disease when 

mutated. At the homozygous or heterozygous level, pathogenic ASAH1 

mutations lead to different symptoms, most often described under the 

name of Farber disease or lipogranulomatosis [13]. A recessive disorder due 

to mutations in the SMPD1 gene encoding acid sphingomyelinase is known 

as Niemann–Pick disease type A. The neuronopathic form of this lysosomal 

disorder is characterized by hepatosplenomegaly and an early and rapid 

neurologic deterioration leading to death generally before 3 years of age 

[14].  
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Table 1. Some human genetic defects of sphingolipid metabolism 

Disease name Enzyme Gene Reaction 

Hereditary sensory 
neuropathy SPT SPTLC1 Ser+16:CoA!KSa 

Fabry α-Galactosidases GLA 
Gb3!LacCer 

Gal2Cer!GalCer 

Metachromatic 
leukodystrophy Arylsulfatase A ARSA sulfatide!GalCer 

Krabbe β-Galactosidase GALC GalCer!Cer 

Farber Acid ceramidase ASAH1 (dh)Cer!(dh)So 

Niemann-Pick A Acid sphingomyelinase SMPD1 SM!Cer 

Gaucher β-Glucosidase GBA1 GlcCer!Cer 

Sandhoff β-Hexosaminidase A, B HEXA, 
HEXB GM2!GM3 

Tay-Sachs β-Hexosaminidase A HEXA 

GM1-gangliosidosis GM1 β-Galactosidase GLB1 
GM1!GM2 

GA1!GA2 

Sialidosis or 
mucolipidosis type I α-Neuraminidase NEU1 GM3!LacCer 

Abbreviations: 16:CoA, palmitoyl-CoA; (dh)Cer, (dihydro)ceramide; dhSo, 
(dihydro)sphingosine; GA1, β-D-galactosyl-(1→3)-N-acetyl-β-D-galactosaminyl-(1→4)-β-D-
galactosyl-(1→4)-β-D-glucosyl-(1→1′)-ceramide; GA2, N-acetyl-β-D-galactosaminyl-(1→4)-
β-D-galactosyl-(1→4)-β-D-glucosyl-(1→1′)-ceramide; Gal2Cer, α-D-galactosyl-(1→4)-β-D-
galactosyl-(1→1′)-ceramide); GalCer, β-galactosylceramide; Gb3, globotriaosylceramide (α-
D-galactosyl-(1→4)-β-D-galactosyl-(1→4)-β-Dglucosyl-(1→1′)-ceramide); GlcCer, β-
glucosylceramide; GM1a, β-D-galactosyl-(1→3)-N-acetyl-β-D-galactosaminyl-(1→4)-[α-N-
acetylneuraminyl-(2→3)]-β-D-galactosyl-(1→4)-β-D-glucosyl-(1→1′)-ceramide; GM2, N-
acetyl-β-Dgalactosaminyl-(1→4)-[α-N-acetylneuraminyl-(2→3)]-β-D-galactosyl-(1→4)-β-D-
glucosyl-(1→1′)-ceramide; GM3, N-acetyl-α-neuraminyl-(2→3)-β-D-galactosyl-(1→4)-β-D-
glucosyl-(1→1′)-ceramide; KSa, 3-ketosphinganine; LacCer, lactosylceramide (β-D-
galactosyl-(1→4)-β-D-glucosyl-(1→1′)-ceramide); Sa, sphinganine; Ser, serine; SM, 
sphingomyelin; So, sphingosine; Sulfatide, 3-O-sulfo-β-D-galactosyl-(1→1′)-ceramide). 
 

Inherited deficiencies of the enzymes that degrade glycosphingolipids are 

known. The impairment of the lysosomal catabolism of galactosphingolipids 

leads to two severe neurological lysosomal storage diseases characterized 

by progressive demyelination. Metachromatic leukodystrophy is generally 

due to mutations in the ARSA gene that encodes arylsulfatase A, the 

enzyme that removes the sulfate group from GalCer [15–17]. GalCer is then 

hydrolyzed to Cer through the action of β-galactosylceramidase, and 
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mutations in the GALC gene that impair this reaction lead to Krabbe disease 

[18]. GM1 (actually GM1a) is one of the major brain gangliosides in 

mammals. This ganglioside and its asialo-derivative, namely GA1, are 

normally degraded in the lysosomes by β-galactosidase. Mutations in the 

GLB1 gene lead to two distinct human diseases: Morquio disease type B 

(mucopolysaccharidosis type IV B) and GM1 gangiosidosis [11]. GM2-

gangliosidoses, can arise from distinct molecular defects [12]. Degradation 

of the GM2 ganglioside starts by its cleavage by the lysosomal enzyme β-

hexosaminidase A, which catalyzes the removal of the β-N-

acetylgalactosamine residue of the oligosaccharide moiety of the ganglioside. 

β-Hexosaminidase A is composed of two subunits, α and β, which are 

encoded by the HEXA and HEXB genes, respectively. Mutations carried by 

either of these genes induce GM2-gangliosidosis. Mutations in the HEXA 

and/or HEXA B genes refer to Tay–Sachs disease and Sandhoff disease. 

Deficiency in these catabolic enzymes provoke the accumulation of GM2, 

GA2, and globoside in neuronal and visceral tissues, which leads to a 

progressive destruction of the central nervous system and eventually to 

death. At least two enzymes cleave GlcCer by removing the β-glucose, 

which represents the very last degradation step of numerous 

glycosphingolipids. Pathogenic mutations of the GBA1 gene, which encodes 

acid β-glucosylceramidase, cause Gaucher disease, an autosomal recessive 

condition that is the most prevalent lysosomal storage disease [19]. Over 

300 pathogenic mutations have been identified resulting in the 

accumulation of GlcCer. Finally, Fabry disease is an inborn a X-

chromosomal-linked inherited disorder caused by deficiency of lysosomal α-

galactosidase A. This homodimer of 50 kDa subunits [20] catalyses the 

lysosomal hydrolysis of globotriaosylceramide. Hemizygous males have 

extensive deposition of globotriaosylceramide in the lysosomes of 

endothelial, perithelial, and smooth-muscle cells of blood vessels. Many cell 

types in the heart, kidneys, eyes, cornea, and the autonomous nervous 

system are also affected. 

 

Besides the above mentioned inherited rare diseases, and despite SLs 

contributing to only a small fraction of the total cellular lipid pool, changes 

in SLs or GSLs levels or alterations in SLs metabolizing enzymes are 
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strongly correlated with the initiation and progression of several diseases of 

high socio-economic relevance, such as type 2 diabetes, Alzheimer’s disease 

or different types of cancer [21]. 

	
Type 2 Diabetes is characterized by insulin resistance in skeletal muscle 

cells, adipose tissue and liver. High levels of Cer have been correlated with 

inflammation and resistance to insulin both in mouse models [22] and in 

humans [23]. Moreover, inhibition of Cer synthesis can restore the lipid-

induced insulin resistance [24]. An additional number of sphingolipids, 

downstream of ceramide synthesis, including plasminogen activator 

inhibitor (PA)-1, S1P and C1P, have been also identified as possible 

mediators in driving metabolic-induced inflammation [25–27]. 

 

Altered sphingolipid metabolism has also been observed in Alzheimer’s 

disease (AD) [28]. Hence, a decrease in sulfatides levels has been detected 

in AD brains [29], whereas the genes involved in the de novo ceramide 

synthesis seems to be upregulated at the early stages of the disease 

progression [30]. Moreover, increased ceramide levels generated by the 

action of acid or neutral SMases have also been correlated with AD disease. 

However, some of the results obtained are quite conflicting and seem to rely 

on the method employed for the lipid analysis [31].  

 

Impaired sphingolipid homeostasis has been also detected in many cancer 

types [32]. In general, cancer cells present reduced levels of Cer what 

results in decreased apoptosis. This reduction in Cer levels can be achieved 

in different ways. In hepatocellular carcinoma as well as cancer cells derived 

from breast, colon, lung, ovary, stomach, uterus, kidney, and rectum [33] 

there is an overexpression of enzymes involved in the synthesis of complex 

SLs and of the transport protein CERT that quenches the proapoptotic Cer. 

In addition, sphingomyelinase (SMase) and sphingosine 1-phosphate 

phosphatase (S1PP) genes are downregulated causing low levels of Cer, 

while the expression of genes involved in the de novo Cer synthesis is 

unaltered. Furthermore, overexpression of AC also contributes to decrease 

the overall Cer levels [34–36]. On the other hand, the bioactive sphingolipid 

C1P has been recently reported to increase PANC-1 and MIA PaCa-2 



	 12	

pancreatic cancer cell migration and invasion, sustaining that C1P is a key 

regulator of pancreatic cancer cell motility, and suggesting that targeting 

CERK expression/activity and C1P may be relevant factors for controlling 

pancreatic cancer cell dissemination [37]. 

 

1.4. Sphingolipids in autophagy   

 

Autophagy (in Greek, “eating oneself”) is a cellular self-degradation process 

in which cytosolic materials and organelles are sequestered and delivered to 

lysosomes for degradation and recycling [38–40]. 

 

In general, autophagic activity is kept at a low basal level but it can be 

induced by various physiological and pathological conditions and it also 

occurs in times of low oxygen or nutrient supply [39]. Autophagy is 

particularly important in this latter case because upon nutrient starvation 

the energy required to maintain the essential cellular activities is generated 

through this mechanism.  

 

There are three types of autophagy, namely chaperone-mediated autophagy, 

microautophagy and macroautophagy [41]. Chaperone-mediated autophagy 

(CMA) targets cytosolic proteins that are directly translocated across the 

lysosome membrane for degradation by lysosomal hydrolases. In CMA, 

specific proteins, such as Hsc70, recognize the presence of a pentapeptide 

(KFERQ) sequence in the protein. After this recognition step, the protein-

chaperone complex is directed to the lysosomal membrane where it will 

interact with proteins such as LAMP2 (lysosome-associated membrane 

protein type 2A) [40], that will translocate the complex into the lysosomes 

for its degradation. Microautophagy is based on the direct engulfment of the 

cargo by the lysosomal membrane [42]. Finally, macroautophagy also 

known as autophagy, is the best characterized pathway [42]. 

 

The autophagic degradation pathway begins with the formation of a double-

membrane structure (or isolation membrane). The second step in this 

process is the encapsulation of the intracellular cargo followed by the 

formation of the autophagosome. Finally, the autophagosome fuses with the 
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lysosome and the internal cargo is degraded [43]. Each of these steps is 

regulated by a limited number of AuTophaGy-related proteins (Atgs). 

 

 
Figure 4. Basic molecular machinery of autophagy and regulatory roles of SLs. 
From Bang E. 2015 [43]  

 

Although the past decade has seen an explosive advancement in the field of 

autophagy research and more particularly in the proteins that control this 

pathway, the detailed molecular mechanisms regulating autophagy remains, 

however, to be unravelled. Nevertheless, important knowledge has already 

been gained in this emerging field and autophagy research continues apace. 

Herein, recent insights into the molecular mechanisms controlling this 

recycling pathway as well as the role that SLs may have in its regulation will 

be briefly described. 

 

Autophagy is negatively regulated by the Mammalian target of Rapamycin 

(mTOR), a serine-threonine kinase involved in cell growth regulation that 

senses nutrient, oxygen and energy levels. Under nutrient-rich conditions 

mTOR complex 1 (mTORC1) phosphorylates and suppresses ULK1, whereas 

under nutrient starvation, mTOR activity is inhibited resulting in ATG13L 

and Beclin1 phosphorylation. The phosphorylation of these proteins 

promotes the generation of phosphatidylinositol-3-phosphate (PI(3)P) and 

the formation of the class III PI3K complex (Vps34) which initiates 

autophagy. This complex acts by recruiting PI(3)P-binding proteins like 

DFCP1 and WIPIs to the membrane and promotes the formation of 
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autophagosomes. The Atg12–Atg5–Atg16 complex is then required for 

conjugating phosphatidylethanolamine (PEA) to LC3 by the sequential action 

of the Atg4, Atg7 and Atg3. This lipid conjugation leads to the conversion of 

the soluble form of LC3 (named LC3-I) to the autophagic vesicle associated 

form (LC3-II), a marker of autophagy involved in the elongation and closure 

of the autophagosome. Once the closure is completed, the outer membrane 

of the autophagosome fuses with the lysosome forming the autolysosome 

and the resulting engulfed material is then degraded by the action of acidic 

hydrolases (Figure 4) [41,43]. 

 

Autophagy may have a dual role causing either protective or cytotoxic 

effects. As an example, nutrient deprivation [44], hypoxia [45] or growth 

factors depletion [46] cause activation of autophagy that promotes cell 

survival. Moreover, autophagy seems to play also an important role in the 

regulation of tumour development in vivo. This is clearly illustrated by the 

formation of spontaneous tumours after the inactivation of key autophagy 

genes such as Beclin1 [47], although the mechanistic role of autophagy in 

tumor suppression is not completely clear. Alternatively, autophagy can also 

contribute to tumour survival. An increase in autophagy is often observed 

during chemotherapy and radiotherapy and several clinical trials have 

shown enhanced cytotoxicity when treating cells with anticancer agents 

together with autophagy inhibitors [48]. 

 

Different sphingolipids have been described to regulate autophagy, being 

Cer, dhCer and S1P the best characterized. Long chain ceramides generated 

after C2-Cer treatment can induce autophagy by different ways. For 

instance, they have been found to inhibit the phosphorylation of Akt/PKB in 

different cell lines causing an accumulation of Beclin1 at the early stages of 

autophagy [49]. Furthermore, PKB regulates the activation of mTOR so that 

inhibition of PKB phosphorylation results in mTOR inhibition and 

enhancement of autophagy. 

  

Beclin 1 plays an important role in autophagy. Cer has been reported to act 

at the level of the complex formed between Beclin 1 and the anti-apoptotic 

protein Bcl-2 to regulate autophagy. Hence, it has been shown that Cer may 
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act as autophagy inducer by promoting the dissociation of this complex (and 

thus the release of proautophagic Beclin 1) either by stimulating the 

phosphorylation of Bcl-2 by the stress-activated protein kinase JNK1 [50] or 

by the BH3-only protein BNIP3 favoring the association of Bcl-2 to BNIP3  

[51]. Moreover, an increased ceramide synthesis mediated by (CerS5) is 

also involved in the regulation of the autophagic flux [52].  

 

Another sphingolipid involved in autophagy modulation is S1P. It has been 

demonstrated that S1P promotes autophagy in PC-3 prostate cancer cells 

by inhibiting mTOR. In contrast to Cer, it acts independently of Akt/PKB and 

of Beclin-1 accumulation [53]. Elevated S1P levels have also been 

correlated with enhanced autophagy in primary neurons. In agreement with 

this finding, treatments with S1PL inhibitors protect neurons models of the 

neurodegenerative Huntington’s disease from neurotoxicity [54]. Autophagy 

is also an essential component of innate immunity, enabling the detection 

and elimination of intracellular pathogens. Therefore, infected cells exhibit 

increased autophagy as a mechanism of pathogen elimination. Further 

supporting the role of S1P in autophagy induction, recent studies have 

shown that Legionella pneumophila inhibits host autophagy by preventing 

an increase of S1P levels in host cells. This is achieved by the translocation 

of a S1PL that targets the host sphingosine biosynthesis [55].  

 

For many years dhCers have been considered inactive ceramides, but recent 

studies show that they are important bioactive molecules with an emerging 

role as autophagy inducers. As an example, treatments with compounds like 

γ-tocopherol, γ-tocotrienol [56],[57] or fenretinide are associated with an 

induction of autophagy concomitant with an increase in dhCer levels 

[58],[59]. In addition, Holliday and co-workers have shown that the 

treatment of cells with a specific Des1 inhibitor, GT11, in combination with 

several fatty acids results in cytotoxicity by a caspase-independet 

mechanism together with autophagy induction caused by an increase of 

endogenous dhCer (C22:0 and C24:0) [60]. The relationship between the 

accumulation of dhCer levels and autophagy induction has also been 

demostrated in several cellular models using XM462 as inhibitor of Des1 

[61,62].   
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2. Dihydroceramides and dihydroceramide desaturase  
 

The subject of this section was recently reviewed by our group. Parts of this 

review are reproduced here.  

 

Dihydroceramide Δ4-desaturase 1 (Des1) catalyzes the last step of the de 

novo ceramide biosynthesis, which consists in the introduction of 

a trans Δ4-double bond in the carbon chain of dhCer to generate Cer. As a 

result, this enzyme can be considered crucial in the regulation of the 

balance between sphingolipids and dihydroshingolipids. The desaturation 

occurs at the endoplasmic reticulum (ER), specifically at its cytosolic face 

[63]. The gene encoding for Des1 is DESG1 (“drosophila degenerative 

spermatocyte 1”) (or Des1) and it was first cloned in 1996 from Drosophila 

melanogaster [64]. A Des1 homologue, namely Des2, has been also 

described. Des2, the product of the gene DEGS2 or DES2, is a bifunctional 

enzyme that presents dihydroceramide C4-desaturase and C-4-hydroxylase 

activities. This enzyme is responsible for the biosynthesis of 

glycosphingolipids containing a 4-hydroxysphinganine backbone, also 

known as PHS [65]. Thus, while Des1 exhibits high dihydroceramide C4-

desaturase and very low C-4 hydroxylase activities, Des2 exhibits 

bifunctional sphingolipid C-4 hydroxylase and C4-desaturase activities [66]. 

Tissue distribution profile of both enzymes is considerably different. Des1 is 

ubiquitously distributed, whereas Des2 is preferentially expressed in small 

intestine, skin and kidney, where the production of phytoceramides is 

essential [67,68]. 

 

A few lines of evidence demonstrate that Des1 is regulated by fatty acids. 

Thus, Rioux and co-workers [69] showed that myristoylation of Des1 

increases the enzyme activity [70,71] and alters its subcellular localization, 

targeting the enzyme from the ER to the mitochondrial outer membrane, 

wherein causes an increase in Cer levels that in turn leads to apoptosis [72]. 

The recombinant non myristoylable mutant form of Des1, on the contrary, 

is almost completely absent in mitochondrion [72]. Another fatty acid, 

palmitic acid, increases mRNA encoding DES1 leading to increased Cer 

synthesis de novo. In contrast, co-treatment with oleate prevented the 
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increase in ceramide, and this occurred through attenuation of the increase 

in message and activity of Des1. These findings provide insight into the 

mechanisms of oleate-mediated protection against metabolic disease and 

provide novel evidence for fatty acid-mediated regulation of Des1 [73].  

 

From the biochemical point of view, studies carried out in the late 90s 

demonstrated that Des1 requires NADPH [74] or NADH [63] as electron 

donor and oxygen as electron acceptor. The electron provided by NAD(P)H 

is sequentially transported from the cofactor to NADH-cytochrome b5 

reductase, cytochrome b5, and the terminal desaturase, which reduces 

oxygen to water and oxidizes dhCer to Cer [75] (Figure 5). A similar 

mechanism was proposed by Suzuki and coworkers [75] for the 

hydroxylation reaction catalyzed by Des2. Oxygen-dependence explains that 

both Des1 and Des2 are up-regulated under hypoxia to cope with the 

decreased enzyme activity and the consequent raise in dhCer production 

[76]. 

 

 
Figure 5. Dihydroceramide desaturase enzymatic complex. From Casasampere et 
al. 2015 [68] 
 

2.1. Des1 inhibitors  

 

Several Des1 inhibitors have been described. The first reported synthesized 

inhibitor of Des1 was compound GT11 [77]. This cyclopropene containing 

sphingolipid carries out a competitive inhibition against the substrate with a 

Ki=6 µM and it is active both in vitro and in intact cells [78]. XM462 is 

another dihydroceramide desaturase inhibitor whose effect occurs both in 

vitro and in cultured cells with IC
50 values of 8.2 and 0.78 µM, respectively 

[79] (Figure 6).  
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 Figure 6. Cer analogs reported as Des1 inhibitors.  
 

Apart from these Cer analogs, a series of drugs and natural products have 

been reported to inhibit Des1 [67,68], including fenretinide, resveratrol, 

celecoxib, tetrahydrocannabinol, curcumin and some vitamin E components 

(Figure 7). Due to its relevance in the work carried out in this thesis, XM462, 

and vitamin E components will be presented more in depth in the following 

sections.  

 
Figure 7.  Compounds structurally unrelated to Cer reported as Des1 inhibitors.  
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2.1.1. γ-tocopherol and γ-tocotrienol 

 

γ-Tocopherol ((2 R)-2,7,8-trimethyl-2-[(4 R,8 R)-4,8,12-trimethyltridecyl]-

6-chromanol) and γ-tocotrienol (R)- γ-tocotrienol, [R-(E,E)]-3,4-dihydro-

2,7,8-trimethyl-2-(4,8,12-trimethyl-3,7,11-tridecatrie-nyl)-2 H-1-

benzopyran-6-ol) (Figure 7) are natural components of vitamin E. In 

addition to the well known antioxidant properties of these compounds, there 

is increasing evidence supporting their additional function in lowering blood 

cholesterol levels, as anticancer and neuroprotective agents [80], with γ-

tocotrienol exhibiting the best properties. As an example, different studies 

have recently reported that tocotrienols at 40 µM have cytotoxic effects in 

the human breast cancer cells MCF-7 and MDA-MB-231. This cytotoxic 

effect is associated with autophagy induction and ER stress-mediated 

apoptosis [56,81]. Furthermore, tocotrienols have been successfully used as 

anticancer agents in combination therapies [82–89], as agents against 

cardiovascular diseases [90] and as radioprotectors in patients undergoing 

radiotherapy [91,92]. 

 

A few articles link the anticancer properties of γ-tocopherol and γ-tocotrienol 

to sphingolipid metabolism. Thus, it has been described that both γ-

tocopherol [57,93] and γ-tocotrienol [56,93] induce apoptosis and 

autophagy in prostate cancer cells by causing a pronounced dhCer and dhSo 

accumulation. In this case, both mechanisms seem to contribute to the cell 

death mechanisms caused by these natural products. Moreover, the 

administration of myriocin or fumonisin B1, specific inhibitors of serine 

palmitoyltransferase and dihydroceramide synthase respectively, 

significantly protected cells from γ-tocopherol-induced cell death [57]. dhCer 

accumulation in γ-tocopherol treated cells may be caused by Des1 inhibition 

since LNCaP cells treated for 36 h with a 100 µM of γ-tocopherol elicited a 

60% reduction in Des1 activity [59]. 

 

Another recent study also correlated γ-tocotrienol effects with increased 

levels of dhCer. Hence, Wang et al. [94] showed that γ-tocotrienol induced 

an upregulation of the nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-kB) inhibitor A20 by causing intracellular stress and 
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altering the metabolism of de novo sphingolipid biosynthesis, including an 

increase of intracellular dhCer levels.   

 

2.1.2. XM462 
 

The 5-thiodihydroceramide XM462 is a sphingolipid analog that was 

designed in our laboratories based on the mechanism of Des1 desaturation 

[79] (Figure 6). This molecule possesses a sulfur atom instead of the C5 

methylene group of the enzyme substrate. XM462 inhibits Des1 both in 

vitro (IC50 = 8.2 µM in rat liver microsomes) and in intact cells (IC50 = 0.43 

µM in human leukemia Jurkat A3 cells) [79]. A few additional analogs of 

XM462 have also been synthesized and tested [95]. These compounds 

inhibit both Des1 and AC in vitro and in intact cells and display different 

potencies depending on the acyl moiety linked to the amino group. Although 

their IC50 values were in the µM range, none of them was more potent than 

the parent compound. XM462 has been used as a pharmacological tool to 

investigate and confirm the role of dhCer as inducer of autophagy in the 

human gastric cancer cell line HGC27. Briefly, when XM462 was tested at 

concentrations that did not affect cell viability, an accumulation of dhCer 

could be detected, and this accumulation was strongly associated with the 

modulation of cyclin D1 expression, a delayed G1/S transition of cell cycle 

via activation of ER stress and autophagy induction [61,62]. 

 

3. Ceramidases  

 

Ceramidases (CDases) are ubiquitous amidohydrolases that catalyze the 

cleavage of Cer into So and fatty acids. According to their optima pH, 

CDases have been grouped as acid ceramidase (AC), neutral ceramidase 

(NC) and alkaline ceramidases (ACER). Five human CDases that are 

encoded by five distinct genes have been cloned: AC, encoded by ASAH1 

gene, NC, encoded by ASAH2 gene, and three alkaline ceramidases ACER1, 

ACER2 and ACER3 encoded by ASAH3, ASAH3L and PHCA genes 

respectively. Whereas AC is ubiquitously expressed and is found in the 

lysosomes, NC can be secreted or localized at the plasma membrane. In 

addition, ACER1 is exclusively expressed in the endoplasmic reticulum (ER) 
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of skin cells, ACER2 localizes to the Golgi complex and ACER3 is localized in 

the ER and the Golgi (Table 2). 

 

Table 2. Types of Ceramidases (CDases) and their cellular localization 

 
Enzyme 

 
Gene 

Optimal 
pH 

 
Cellular localization 

AC ASAH1 4.5 Lysosome 

NC ASAH2 7.0 Plasma membrane 

ACER1 ASAH3 8.5 Endoplasmic reticulum 

ACER2 ASAH3L 9.0 Golgi apparatus 

ACER3 PHCA 9.5 
Endoplasmic reticulum, 

Golgi apparatus 

 

 
3.1. Acid ceramidase 

 

Acid ceramidase (N-acylsphingosine deacylase, EC 3.5.1.23; AC), is 

responsible for the ultimate step in the catabolism of (glyco)sphingolipids 

that occurs within lysosomes, which is the hydrolysis of Cer into So and free 

fatty acids [96]. 

 

AC was originally identified in rat brain homogenates by Gatt in 1963 [97]. 

However, the first substantial purification of the enzyme could not be 

carried out until 1995, when the protein was isolated from human urine 

[98]. One year later, in 1996, the full length human AC cDNA was isolated 

from cultured skin fibroblasts and pituitary tissue [99], and the full-length 

2312-bp ASAH1 gene was identified and confirmed by DNA sequencing.   

 

AC is a heterodimeric glycoprotein with a molecular weight of ~50 kDa. 

Under reducing conditions, AC dissociates into two subunits: a α 13-kDa 

and a β 40 kDa subunit. β subunit possesses 5 to 6 N-linked oligosaccharide 

chains, in contrast to the α subunit, which is not glycosylated [98]. 
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Shtraizent et al. reported the mechanism of human AC cleavage and 

activation. Their studies showed that AC self-cleavage occurred rapidly at 

acidic pH and that this reaction requires the presence of the nucleophile 

Cys-143 at the cleavage site. Other amino acids such as Arg-159 and Asp-

162 also participate in AC cleavage [100]. The AC amino acid sequence 

reveals high homology with the N-terminal nucleophile (Ntm) hydrolase 

family, a superfamily of enzymes that hydrolyze a variety of substrates with 

the common feature of having a N-terminal nucleophile. In AC this is 

exemplified by the nucleophilic thiol present in a cysteine residue (Cys-143) 

that is exposed at the N-terminus of the β subunit after cleavage of the 

precursor protein [100]. 

 

3.2. Acid ceramidase and human diseases 

 

3.2.1. Farber disease (FD) 

 

As mentioned earlier, Farber disease is a rare inherited lysosomal storage 

disorder produced by a genetic deficiency in the ASAH1 gene, which leads 

to defective activity of AC that results in an accumulation of Cer in the 

lysosomes [101,102]. The first case of Farber disease (Farber 

Lipogranulomatosis; FD) was described and characterized in 1957 by Sidney 

Farber [103], and later in 1972 the inherited deficiency of AC activity was 

found to be the cause of this disorder [104]. To date a total of 17 different 

mutations in the AC gene have been found in FD patients.  

 

In most cases, the disease is diagnosed early in life with symptoms like 

deformed joints, subcutaneous nodules, and progressive hoarseness [96]. 

The most frequently affected organs include heart, lung, liver, and spleen 

and the nervous system. The illness is progressive and generally leads to 

death during the first few years. Although our understanding of genetics 

and pathogenesis of Farber disease has come a long way since the disease 

was first described, there is still no disease-modifying treatment. 
 

In cultured cells, FD is diagnosed by the demonstration of reduced AC 

activity that produces abnormally high ceramide levels, via biopsy samples 



	 23	

and by the presence of “Farber bodies”, comma-shaped curvilinear tubular 

structures, detected by electron microscope analysis that also serves as a 

marker for diagnosis. At the present time, there is no effective treatment 

for this disease beyond palliative care. Although bone marrow 

transplantations in two FD patients have been reported resulting in 

diminished joint discomfort and improved joint mobility, the longevity of 

these patients did not improve [105,106]. However, a potential therapeutic 

strategy based on gene transfer approaches can be envisioned for this 

severe disorder. Another alternative strategy is the identification of 

chemical chaperones, small-molecule inhibitors able to increase enzyme 

activity of defective mutants. This strategy has been applied to other 

lysosomal storage diseases such as the Gaucher disease but it has not been 

explored yet for Farber disease.  

 

3.2.2. Acid Ceramidase and cancer 

 

Abnormal expression of AC has been reported in several cancer cell lines 

like prostate cancer [107,108], head and neck cancer [109], and melanoma 

[110]. In general, AC overexpression leads to reduced levels of the 

proapoptotic Cer and increased amounts of proliferative S1P, which results 

in increased resistance to cytotoxic signals and augmented motility and 

migration capacity.  

Overexpression of AC in murine L929 fibrosarcoma cells has been shown to 

suppress apoptotic cell death induced by tumor necrosis factor alpha (TNFα) 

[111]. In addition Hara et al., [112] reported an upregulation of AC in 

response to γ-radiation. High levels of AC expression were also found in a 

radiation resistant glioblastoma cell line when exposed to γ-radiation, and 

sensitivity to radiation was achieved by treatment with an AC inhibitor, N-

oleoylethanolamine NOE, which significantly increased ceramide levels and 

caused caspase activation and apoptosis. Also head and neck squamous cell 

cancer cell lines with low, medium, or high levels of AC revealed an inverse 

correlation between the levels of AC and their response to exogenous C6-

ceramide [109]. Using a model derived from PC-3 prostate cancer cells, the 

highly tumorigenic, metastatic, and chemoresistant clone PC-3/Mc was 
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found to express higher levels of the AC ASAH1 than the nonmetastatic 

clone PC-3/S. Stable knockdown of ASAH1 in PC-3/Mc cells caused an 

accumulation of ceramides, inhibition of clonogenic potential, increased 

requirement for growth factors, and inhibition of tumorigenesis and lung 

metastases. Novel ASAH1 inhibitors also caused a dose-dependent 

accumulation of ceramides in PC-3/Mc cells and inhibited their growth and 

clonogenicity. Finally, immunohistochemical analysis of primary prostate 

cancer samples showed that higher levels of ASAH1 were associated with 

more advanced stages of this neoplasia. These observations confirm ASAH1 

as a therapeutic target in advanced and chemoresistant forms of prostate 

cancer and support that AC inhibitors can counteract critical growth 

properties of highly aggressive tumor cells [113]. 

 
Realini et al. have recently reported that AC expression is markedly 

elevated in normal human melanocytes and proliferative melanoma cell 

lines, compared to other skin cells (keratinocytes and fibroblasts) and non-

melanoma cancer cells and that high AC expression occurs in biopsies from 

human subjects with Stage II melanoma. Furthermore, the authors reported 

that blocking AC activity with a potent inhibitor increased cellular ceramide 

levels, decreased S1P levels, and acted synergistically with several 

antitumoral agents [114].   

  

Overall, there appears to be a strong correlation between cell growth, 

cancer resistance and AC activity. The inhibition of this activity leads to the 

accumulation of proapoptotic ceramide and causes cell death. Alltogether, 

these results support that AC may be an interesting therapeutic target for 

anticancer drugs development. 

 

3.2.3. AC and other complex disease 

 

Alterations in AC activities have also been reported in other important 

complex diseases. For example, AC overexpression has been shown to 

prevent the inhibitory effects of saturated fatty acids on insulin signalling 

[115]. 
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Alzheimer’s disease (AD) is also characterized by significantly elevated 

levels and activity of AC [116].  

 

Hence, there is still a clear need for novel tools that increase our 

understanding of AC function, localization and interaction. It is envisaged 

that the knowledge gained in this emerging field will aid in the development 

of new therapeutic options and diagnostic tools for diseases associated with 

abnormal AC activity. 

 

3.2.4. Acid ceramidase inhibitors 

 

The pivotal role of AC together with previous studies indicating that 

aberrant levels of AC expression occur in some diseases has prompted the 

research on the discovery of AC inhibitors. As a result, a substantial number 

of compounds able to block AC have been described.  

 
3.2.4.1 Ceramide-based inhibitors 

 

The first described inhibitor of AC was N-Oleoylethanolamide (NOE) (Figure 

8) [117], a ceramide-mimicking compound that has been commonly used 

as pharmacological tool. NOE increases the endogenous cellular levels of 

ceramide and induces apoptosis in different cell lines. However its low 

potency (Ki = 500 µM) and poor selectivity precluded its therapeutic use 

[118,119].  

 

Apart from its low AC inhibitory activity, NOE also inhibits glucosylation of 

naturally occurring ceramides in CHP-100 neuroepithelioma cells at non-

toxic concentrations, which is accompanied by enhanced accumulation of 

Cer and induction of apoptosis [120]. A series of structural NOE analogues 

has been developed and a detailed structure-activity relationship (SAR) 

studies revealed that some of these analogues are more potent AC 

inhibitors. Among them, DM102 showed an inhibition of AC activity in 

cellular studies (IC50 ~15 µM) and a cytotoxic effect in A549 (CC50 ~40 µM) 

[121]. Besides NOE, a set of lipophilic aromatic Cer analogues has also been 

reported [122]. These compounds act as anticancer agents by increasing 



	 26	

endogenous ceramide levels and inducing apoptosis in different cell lines. 

Among these inhibitors, (1S,2R)-D-erythro-2-(N-myristoylamino)-1-phenyl-

1-propanol (D-e-MAPP), which inhibits ACER, presents also a moderate 

inhibition of AC (IC50 =500 µM) in human melanoma and HaCat 

keratinocytes.  

 

Another important inhibitor of AC is B13, with an IC50 =10 µM in human 

melanoma and HaCat keratinocytes. Moreover, B13 induces ceramide 

accumulation and causes cell death in SW403 human adenocarcinoma, 

melanoma, and prostate LNCaP and PC3 cells. Furthermore, B13 prevented 

tumor growth in vivo
 
and sensitized prostate tumors to radiation induced 

apoptosis [123–125]. B13 is a neutral lipophylic molecule and thus it may 

not efficiently reach and accumulate in the acid compartment where AC is 

present. Consequently, its chemical structure was modified to improve its 

cell targeting properties. As a result, two families of analogs with different 

target organelles were later developed: LCL204, a lysosomothropic 

alkylamine analogs and LCL85, a mitochondriotropic cationic analogs. 

 

LCL204 also know as AD2646 ((1R,2R)-2-N-(tetradecylamino)-1- (4-

nitrophenyl)-1,3-propandiol), specifically targeted the lysosomes. LCL204 

caused an accumulation of C14-, C16-, and C18- ceramides and reduced 

sphingosine levels in DU-145 prostate cancer cells [126]. This compound 

was also able to cause a dose- and time-dependent decrease of Jurkat 

leukemia cells viability which was accompanied by an accumulation of 

endogenous ceramide, caspase activation and triggering of mitochondrial 

apoptotic events [127]. However, LCL204 causes lysosomal destabilization, 

proteolytic degradation of AC and aSMase inhibition what precluded its use 

due to a lack of specificity [128].  

 

LCL464 ((1R,2R)-2-N-(12'-N,N-dimethyl- aminododecanoyl amino)-1-(4''-

nitrophenyl)-1,3-propandiol), is a second generation lysosomotropic analog 

of B13 that inhibited lysosomal AC activity both in vitro and in MCF-7 cells 

[128]. Its lower in vitro potency (IC50 50 µM) is compensated with its 

lysosomal enrichment. Moreover, it showed increased caspase-dependent 
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apoptotic cell death in different cancer cell lines and did not causes 

lysosomal destabilization or degradation of AC [128].  

 

LCL85 displayed a more potent growth inhibitory effect (IC50 = 2.3 µM), 

more promising anticancer activity and lower toxicity in MCF7 breast 

carcinoma cells compared to the parent compound D-MAPP [129,130]. 

LCL85 has also recently been shown to induce proteasomal degradation of 

the cIAP1 and xIAP proteins and sensitized metastatic human breast and 

colon cancer cells to apoptosis [131].  

 

	
Figure 8. Some reported acid ceramidase (AC) inhibitors.  
	
Other analogues of B13 such as DP24c and KPB67, with improved potency 

against AC and NC compared to B13, have also been reported. Their 

improved activity relies on the replacement of the p-nitro group of the B13 

with a primary amino group (KPB67), the introduction of a weakly basic 

isostere (pyridine group) in the aromatic region (DP24c) or the replacement 
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More recently, a potent and specific inhibitor of AC activity termed SABRAC 

was described by Fabrias and co-workers [113]. SABRAC is a ceramide 

analog modified at the amide linkage with a thiol reactive function that 

reacts with the enzyme via formation of a covalent chemical bond, thus 

acting as an irreversible inhibitor. This compound showed high potency in 

several studies with an IC50 = 52 nM in an in vitro assay. Furthermore, 

SABRAC inhibited AC in PC-3/Mc cells causing ceramide accumulation, 

reduced growth and clonogenic ability of these highly metastatic cells.  

 

3.2.4.2 Inhibitors Structurally non related with ceramide 

 

Apart from the above described inhibitors, which share common structural 

features with Cer, other inhibitors not structurally related with Cer have also 

been reported. This is the case of a new class of quinolinone-based 

compounds described by Draper et al. [135], which are the first ceramide-

unrelated inhibitors of human AC activity reported (Figure 9). One member 

of this compound class, Cerenib-1, inhibits cellular ceramidase dose-

dependently with an IC50 = 55 µM. This compound produced an 

accumulation of ceramides and a decrease of So and S1P levels. In human 

ovarian cancer cells, Cerenib-1 alone and in combination with paclitaxel, 

inhibited cell proliferation and induced cell cycle arrest and cell death 

[135]. 

 

Another very interesting AC inhibitor is Carmofur (5-fluoro-N-hexyl-2,4-

dioxo-pyrimidine-1-carboxamide), an anti-neoplastic drug that shows 

potent activity against AC with an IC50 = 29 nM for rat recombinant AC 

[136]. Further chemical modifications inspired in carmofur have led to the 

discovery of additional very potent AC inhibitors. These compounds include 

2,4-dioxopyrimidine-1-carboxamides [137] and benzoxazolone 

carboxamides [138,139]. 
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Figure 9. Some ceramide-unrelated AC inhibitors (see text for references) 
	
3.2.4.3 Chaperones 

 

Lysosomal storage disorders (LSDs) are a group of inborn metabolic 

diseases caused by mutations in genes that encode proteins involved in 

different lysosomal functions, in most instances acidic hydrolases [140]. 

Defective activity causes accumulation of the corresponding substrate in the 

lysosome. To date, more than 50 lysosomal storage diseases have been 

described, including the sphingolipidosis mentioned above.  

 

One of the strategies for the treatment of LSDs is the pharmacological 

chaperone therapy (PCT), that relies on cell permeant small molecules that 

promote the proper folding and trafficking of the affected proteins via direct 

binding to that protein. The chaperones stabilize their target protein in a 

protein-pharmacological chaperone state by binding the enzyme in the ER. 

As a result of this stabilization, the natively-folded protein population 

increases and the protein can effectively traffic to the final destination, the 

lysosome [141]. Pharmacological chaperones have been reported for some 

sphingolipidosis. However, this approach has not been yet examined for 

Farber disease. Relevant examples are 1-deoxygalactonojirimycin (DGJ), 1-
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deoxynojirimicyn (DNJ), N-butyl deoxynojirimycin (NB-DNJ), N-octyl-beta-

valienamine (NOV), which have been successfully used in models of 

Gaucher, Fabry and Pompe diseases [142]. Our group has also contributed 

to this field with the discovery of chaperones for mutated GBA1 in the 

context of Gaucher disease [143–146].   

 

4. Activity based probes 

 

Recent advances in proteomics and genomics have strongly contributed to 

expand our understanding of proteins function. However, many features 

regulating protein activity are not encoded in the genome and as a result 

transcription or translation levels or protein abundance is not necessarily 

correlated with protein activity. In this context, the development of activity-

based probes (ABP) has emerged as a powerful technique for direct 

determination of enzyme actives overcoming many of the existing 

limitations.  

 

ABP relies on the use of active site–directed covalent probes to report on 

the functional state of enzyme activities directly in native biological systems 

[147]. When studying protein function, selective inhibitors are usually 

preferred to genetic modulation as they can regulate protein function 

rapidly, reversibly, and typically without causing changes in protein 

expression. As a result, the use of ABP to evaluate enzyme function directly 

in living systems is an emerging field of research.  

 

Until now ABP have been adopted for a wide range of applications, including 

the identification of enzyme activities that are deregulated in disease states 

[148–150], the discovery and development of selective enzyme inhibitors 

[151,152], the characterization of enzyme active sites [153,154], target 

elucidation [155,156], HTS [157], and localization of enzyme activity in 

cells [158] and in vivo [159]. 

 

Although ABP were initially designed to target large number of 

mechanistically similar enzymes, i.e serine hydrolases, there is currently a 
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clear need for target-selective ABP that enable the detailed characterization 

of specific enzymes in its native environments, including direct visualization 

and determination of its activity.  

 

Some interesting selective ABP applied to SLs metabolism have been 

recently described such as a β-glucopyranosyl-configured 

cyclophellitolepoxide allowing in vivo and in vitro visualization of active 

molecules of glucocerebrosidase (GBA), or a  β-glucopyranosyl 

cyclophellitol-aziridine ABP allowing in situ labeling of GBA2. This study, 

performed in rat brain slices, could establish the role of these enzymes in 

Gaucher disease [160]. In addition, Witte and coworkers report the design, 

synthesis and application of two fluorescent ABP, MDW933 and MDW941, 

allowing highly specific labeling of active GBA in vitro, in cultured cells and 

in vivo [161].  

 

Two different ABP for AC have been reported so far. Yun and coworkers 

described a  fluorescent chemical probe (CDy5) which stains distinct neural 

stem/progenitor cells (NSPCs) by binding to acid ceramidase [162]. In 

another relevant example, a bodipy-labeled carmofur derivative, was 

synthesized as an AC ABP and its was employed to characterize AC activity 

in  Gaucher disease cells [163].  

 

Despite these major advances there is still a clear need for more specific 

and potent tools to characterize AC activity in cells. Hence, although both 

ABP, CDy5 and a bodipy labeled carmofur derivative, detected active AC in 

cell lysates, none was used in cells to monitor AC activity or intracellular 

distribution. Furthermore, lacking any structural resemblance to the 

sphingoid scaffold, these compound may be active in a wide range of 

cysteine amidases.  
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5. Click Chemistry in cheminal biology of sphigolipids 

 

Interesting candidates for the developing of tailored ABP probes should 

posses several features including high activity and specificity in front of 

other enzymes, suitable pharmacokinetic properties that ensure cell 

permeabilization and the presence of a reporter tag enabling imaging 

studies of the probe-labeled enzyme using bioorthogonal reactions. 

 

 

	
Figure 10. Huisgen cycloaddition. (A) Copper-catalyzed azide-alkyne cycloaddition 
(CuAAC). (B) Copper-free azide-alkyne cycloaddition reactions using cyclic alkynes. 
From Horisawa K. et al. 2014 [164] 
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researchers due to their simplicity and high reactivity. In order to avoid the 

potential toxicity of Cu(I) salts, several modifications have been developed 

to reduce Cu(I) concentration, as the use of water-soluble Cu(I) ligands 

[167] or Cu(I)-chelating azides, called Copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) [168]. However, the discovery that the alkyne−azide 

cycloadditions can be accelerated by introducing ring strain into the alkyne 

moiety, without the need for a Cu(I) catalyst, gave rise to the so-called 

“strain-promoted alkyne−azide cycloadditions” (SPAAC) [169] (Figure 10).  

 

Since then, a variety of diversely functionalized strained cyclooctyne probes 

have been designed and used to label complex biological systems involving 

live mammalian cells [170] and animals [171]. In many examples, one of 

the reaction partners incorporates a reporter, usually a fluorescent or a  

fluorogenic tag [172] that allows the visualization of the resulting click 

adduct. Although CuAAC and SPAAC have become common tools for 

bioorthogonal reactions, other conceptually similar “click” approaches 

rapidly emerged. This is the case of the traceless Staudinger ligation 

between azides and phosphines [173], and the inverse demand Diels-Alder 

cycloaddition between tetrazines and strained cycloalkynes [174], among 

others. Many of these approaches have also been applied in lipid research. 

Several examples where ω-alkynyl fatty acids are used as such or as part of 

glycerophospholipids in SPAAC reactions with different applications in cell 

biology have been reported [175]. In addition, the ω-alkynyl moiety is also 

found in glycerophospholipids [176] and in sphingomyelin analogs with 

modified head groups as suitable probes to test sphingomyelinase activity 

[177,178]. Although less extensively used, a few examples of azide 

modified fatty acids [179] and Sphingolipids [180] have also been reported. 

 

 

 

 

 

 



	



 
 

 

 

 

 

 

 

 

 

 

 

OBJECTIVES 
  



	



	 37	

As mentioned in the introduction, experimental evidences suggest a role for 

dhCer in autophagy induction, but whether dhCer leads to prosurvival or 

lethal autophagy is subject of controversy. On the other hand, despite the 

advances in the development of AC-directed ABP, there is still a clear need 

for more specific and potent tools to characterize AC activity in cells. In this 

context, the objectives of this work are: 

1. To validate the role of dihydroceramides as mediators of autophagy 

induction and outcome in cancer cell models. To achieve this 

objective, dhCer levels were induced to increase using two different 

types of compounds: 1) Metabolic precursors and 2) Des1 inhibitors. 

 

2. To develop an activity based probe for acid ceramidase detection in 

cells. This goal was attemped using SABRAC analogs either directly 

labelled or modified with an azide function for click chemistry-based 

labelling with fluorescent alkyne partners. 

 

The results of the first objective will be presented and discussed in Chapter 

I and Chapter II of the results section, while the results of the second 

objective will be described and commented in Chapter III.  
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CHAPTER I 
Role of dihydroceramides as mediators of 

autophagy in cancer cell models using 

metabolic precursors 
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3-Ketosphinganine provokes the accumulation of
dihydroshingolipids and induces autophagy in
cancer cells†

Yadira F. Ordóñez,‡a Jèssica González,‡a Carmen Bedia,§a Josefina Casas,a

José Luis Abad,a Antonio Delgadoab and Gemma Fabrias*a

Although several reports describe the metabolic fate of sphingoid bases and their analogs, as well as their

action and that of their phosphates as regulators of sphingolipid metabolizing-enzymes, similar studies for

3-ketosphinganine (KSa), the product of the first committed step in de novo sphingolipid biosynthesis, have

not been reported. In this article we show that 3-ketosphinganine (KSa) and its dideuterated analog at C4

(d2KSa) are metabolized to produce high levels of dihydrosphingolipids in HGC27, T98G and U87MG cancer

cells. In contrast, either direct C1 O-phosphorylation or N-acylation of d2KSa to produce dideuterated

ketodihydrosphingolipids does not occur. We also show that cells respond to d2KSa treatment with induction

of autophagy. Time-course experiments agree with sphinganine, sphinganine 1-phosphate and dihydroceramides

being the mediators of autophagy stimulated by d2KSa. Enzyme inhibition studies support that inhibition

of Des1 by 3-ketobases is caused by their dihydroceramide metabolites. However, this effect contributes

to increasing dihydrosphingolipid levels only at short incubation times, since cells respond to long time exposure

to 3-ketobases with Des1 overexpression. The translation of these overall effects into cell fate is discussed.

Introduction
Sphingolipids (SLs) are a major class of constituents of eukaryotic
cell membranes. In addition to a structural role, some sphingo-
lipids are bioactive and control vital biological functions by
regulating signal transduction pathways involved in several
processes (i.e. apoptosis, adhesion, autophagy, cell proliferation,
differentiation, migration, senescence, etc.).1–12

The regulation of sphingolipid metabolism is critical for
normal cell function and its dysregulation has been implicated in
pathophysiological conditions. Ceramide (Cer), the central molecule
in SL metabolism, can be generated by several mechanisms

including both catabolic and anabolic pathways.1 One catabolic
pathway involves sphingomyelinase-mediated hydrolysis of sphin-
gomyelins. In another catabolic route, complex glycosphingolipids
are degraded by specific hydrolases to monohexosylceramides
(MHCer) (glucosylceramide and galactosylceramide), which are
then hydrolyzed by specific b-glucosidases and galactosidases,
respectively, to produce Cer. Another mechanism is the anabolic
de novo pathway, which begins with the condensation of serine
and palmitoyl-CoA to form 3-ketosphinganine (KSa), a reaction
catalyzed by serine palmitoyltransferase (SPT). Then, 3-keto-
sphinganine reductase (KSR) mediates the reduction of KSa to
sphinganine (Sa), which is transformed into dihydroceramide
(dhCer) through acylation by ceramide synthases (CerS). In the last
step of the de novo pathway, Cer is formed through the introduction
of an (E)-4 double bond into dhCer by dihydroceramide desaturase
(Des1). Once formed, Cer can be degraded through the catabolic
route, which involves N-deacylation to sphingosine (So) by cerami-
dases, further phosphorylation to sphingosine 1-phosphate (S1P)
and final irreversible cleavage by S1P lyase.

The metabolic fate of several free bases has been studied
over the years. Dragusin et al.13 investigated the metabolism of
D-erythro-sphinganine (Sa) in several cell lines and compared it
to that of its stereoisomer safingol (D-threo-Sa). Venkataraman
and Futerman14 compared the metabolism of L-erythro- and
L-threo-Sa in cultured cells and in subcellular fractions. Finally, the
metabolic fates of 1-deoxysphinganine and 1-deoxysphingosine
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have also been examined,15,16 as well as those of o-azidosphin-
gosine17 and o-alkynylsphingosine.18 Although enzymatic conver-
sions of KSa into Sa,19 ketosphingosine20 and sphingosine (So)21

were reported in cell free systems in the early 70s, only the
reduction step has been later extensively confirmed in cell culture.
Surprisingly, putative N-acylation of KSa and further formation of
3-ketodihydrosphingolipids, as well as KSa C1 O-phosphorylation,
have not been analyzed.

On the other hand, the regulation of SL metabolizing-enzymes
by SL metabolites has been reported. For instance, cytosolic S1P
inhibits de novo Cer synthesis,22 which has been recently reported
to occur through negative regulation of SPT by sphingosine
kinase 123 and it inhibits acid sphingomyelinase.24 In addition,
D-erythro-So, but not L-threo-So, decreases SPT activity in primary
cultured cerebellar cells.25

In this article, using both KSa and [4,4-2H2]-KSa (d2KSa), a
dideuterated analog of KSa, we show that the 3-ketobase is used
to produce SLs de novo and directed to the catabolic pathway, both
prior to reduction to Sa (Fig. 1), and that this results in an overall
accumulation of dihydrosphingolipids. Metabolic transformations
by directN-acylation andC1O-phosphorylation do not seem to occur
(Fig. 1). Furthermore, we report that Des1 activity is reduced by short
cell treatment with KSa and d2KSa by their dihydroceramide and/or
ceramide metabolites. Finally, in agreement with previous reports
supporting the role of dhCer as a mediator of autophagy, we show
that autophagy is induced by d2KSa in three different cell lines.

Results
3-Ketosphingoid bases induce changes in the sphingolipidome
in HGC27 cells

Cell viability experiments showed that KSa was cytotoxic to
HGC27 cells with CC50 and CC25 values (24 h) of 19.7 ! 3.3 mM

and 12.6 ! 6.4 mM, respectively (mean ! SD of three experiments
in triplicate). In these cells, KSa at 5 mM modified sphingolipid
composition and this modification was already significant at
the earliest time point examined (3 h) (Fig. 2). Exogenous KSa
was metabolized to afford high levels of Sa, which decreased
over incubation time (Fig. 2A). Sa was then incorporated into
both the catabolic and the de novo Cer synthesis pathways (see
Fig. 1). Thus, high amounts of Sa 1-phosphate (SaP) were produced
at 3 and 6 h of treatment, to decrease at longer incubation times
(Fig. 2B). On the other hand, Sa was acylated to dhCer, whose
levels reached a maximum at 6 h post-treatment (Fig. 2C).
A similar pattern was observed for dihydrosphingomyelin (dhSM)

Fig. 1 Possible metabolism of exogenous 3-ketosphinganine. The inter-
rogation sign indicates that the reaction has not been demonstrated.
Enzymes are abbreviated as follows: CerS, ceramide synthases; Des1,
dihydroceramide desaturase; GCS, glucosylceramide synthase; SK, sphingosine
kinases; SKR, 3-ketosphinganine reductase; and SMS, sphingomyelin synthase.

Fig. 2 Effect of KSa and d2KSa on sphingolipid levels in HGC27 cells.
Cells were treated with KSa (5 mM), d2KSa (5 mM) or vehicle for specified
time periods and then cells were collected and processed for LC/MS
lipid analysis. All species were analyzed under ESI-positive mode. (A—F)
Natural sphingolipids. (G) Deuterated sphingolipids. Data correspond
to the mean ! SD of three independent experiments in triplicate. Lipid
production over the time of treatment was analyzed using the one-
way ANOVA test (A and F, P o 0.0001; B, P o 0.0002; E, P o 0.0003;
D, P o 0.0004; C, P o 0.0017; G/d2Sa and G/d2SaP, P o 0.0001;
G/d2dhCer, P o 0.0002; G/d2dhSM, P o 0.038; G/d2LdhCer,
P o 0.0073; G/d1Cer, P o 0.0136) followed by Bonferroni’s multiple
comparison test. Different letters atop the bars denote statistically
significant differences between means at different times at P o 0.05 as
found by this test.
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(Fig. 2D) and lactosyldihydroceramide (LdhCer) (Fig. 2E),¶
although in both cases the difference between 3 and 6 h was
higher than that for dhCer. Desaturation of dhCer to Cer was
also found to occur with a maximum at 6 h post-treatment
(Fig. 2F). Although MHCer (ESI,† Fig. S1A), LCer (ESI,† Fig. S1B)
and So (ESI,† Fig. S1C) followed a similar tendency, the differences
were not always statistically significant. Finally, SM did not change
significantly over the time of treatment with KSa (ESI,† Fig. S1D).
These overall data indicate that catabolism of Sa occurs more
rapidly than its incorporation into the de novo pathway for SL
synthesis. In order to obtain a clearer picture of the metabolism
of exogenous KSa, the metabolic transformation of the labeled
KSa analog d2KSa was investigated. The use of this probe allows
discriminating between the metabolites produced from the
exogenous precursor and those already present in cells at the
time of treatment. Labeled sphingolipids produced from d2KSa
followed similar patterns to those found with unlabeled KSa
(Fig. 2G). Thus, prior to reduction to [4,4-2H2] Sa (d2Sa), the
probe was incorporated into the catabolic route to afford high
levels of [4,4-2H2] SaP (d2SaP), which reached a maximum at 3 h.
In contrast, biosynthesis of SLs de novo occurred at later time
points, with [4,4-2H2] dhCer (d2dhCer) exhibiting maximum
levels at 3 and 6 h and [4,4-2H2] dihydrosphingomyelin (d2dhSM)
and [4,4-2H2] lactosyldihydroceramide (d2LdhCer) peaking at 16 h.
Regarding monodeuterated sphingolipids, [4-2H] Cer (d1Cer)
was detected at lower levels than those of natural Cer formed
from KSa (Fig. 2G and F, respectively). This result is in agree-
ment with the reported primary isotope effect in the desaturation
of a 4,4-dideuterated dhCer.26

Putative N-acylation and C1 O-phosphorylation of d2KSa
were also investigated. Selection of ions corresponding to the
deuterated 3-ketosphingolipid analogs (ESI,† Table) did not
provide any evidence for direct N-acylation of d2KSa and further
formation of deuterated ketodihydrosphingomyelins and gluco-
sylketodihydroceramides. Likewise, dideuterated 3-ketosphiganine
1-phosphate was not detected in the chromatograms. An authentic
synthetic sample of N-hexadecanoyl-3-ketosphinganine was used
as standard to predict the expected retention times of the putative
3-ketodihydrosphingolipids. The absence of N-hexadecanoyl-3-
ketosphinganine and dideuterated N-hexadecanoyl-3-ketosphin-
ganine in extracts from cells treated with KSa and d2KSa,
respectively, is shown as an example in ESI,† Fig. S2.

Inhibition of Des1 by the 3-ketobases

Although the above results support that the observed increase
in dihydrosphingolipids provoked by exogenous KSa and d2KSa
was due to their metabolism, the possibility that Des1 was impaired
by the 3-ketobases could not be ruled out. To assess this issue, Des1
activity was measured in both intact cells and cell lysates in the
presence of KSa, d2Ksa or some downstream metabolites.

As shown in Fig. 3A, live cells co-incubated for 4 h with KSa and
the Des1 substrate, namely N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)-
amino]hexanoyl]sphinganine (dhCerC6NBD), produced significantly

less N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]sphin-
gosine (CerC6NBD)27 than controls (EtOH). Des1 inhibition was
also provoked by d2KSa and XM462 (positive control). However,
when cells were treated with the probes for 24 h and then with
the substrate for 4 additional hours, significantly higher desaturation
occurred in cells treated with d2KSa than with KSa, which was not
significantly different from controls (Fig. 3B). XM462 showed Des1
inhibitory activity, proving that the enzyme is active and responds to
inhibition under the experimental conditions of the assay. These
results suggested that long time treatment with d2KSamight induce
overexpression of Des1. To judge this possibility, Des1 mRNA from
cells exposed to d2KSa, KSa and the vehicle for 24 h was determined
by qPCR. As shown in Fig. 3C, significantly higher Des1mRNA levels
were present in cells treated with d2KSa than with the vehicle.
Although the Des1 transcript also increased after treatment with
KSa, this increase was only marginally significantly different
from controls (P = 0.058). These results support that although
Des1 inhibition may contribute to the accumulation of dihydro-
sphingolipids brought about by the 3-ketobases at short time
points, impaired Des1 activity does not contribute to increase
dihydrosphingolipid levels at long incubation times.

Fig. 3 Effect of KSa and d2KSa on Des1 activity and expression. Inhibition
was determined in both intact cells (A and B) and cell lysates (D) by
measuring the desaturation of dhCerC6NBD (10 mM) to CerC6NBD.27 (A)
Intact cells were incubated for 4 h with the substrate together with KSa
(5 mM), d2KSa (5 mM), XM462 (10 mM) (positive control of inhibition) or
ethanol (control). (B) Intact cells were incubated for 24 h with KSa (5 mM),
d2KSa (5 mM), XM462 (10 mM) (positive control of inhibition) or ethanol
(control), and then the substrate was added and further incubated for 4 h.
(D) The assay in cell lysates was carried out by incubation of protein (equivalent
to 106 cells per replicate) and the substrate in the absence (EtOH, vehicle) or
presence of 10 mM of test compounds and 120 mM of NADH as reported.27 In
all cases, the formation of CerC6NBD was determined by HPLC coupled to a
fluorescence detector. Data correspond to the mean ! SD of three (A and B)
or six (D) independent experiments in triplicate. Data were analyzed by one-
way ANOVA followed by Bonferroni’s multiple comparison post-test. In all
cases, ANOVA P o 0.0001. Different letters denote statistically significant
differences between means at P o 0.05 as found by this test. (C) Effect of
KSa (5 mM/24 h) and d2KSa (5 mM/24 h) on the mRNA levels (as determined
by quantitative real-time PCR) of Des1. Data correspond to the mean ! SD
of three independent experiments in duplicate. Data were analyzed by
one-way ANOVA followed by Bonferroni’s multiple comparison post-test.
ANOVA P o 0.01. Different letters denote statistically significant differences
between means at P o 0.05 as found by this test.

¶ Monohexosyldihydroceramides, both natural and deuterated, and monodeuterated
monohexosylceramides cannot be analysed accurately because of the interference of
highly abundant sphingomyelins.
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The effect of KSa and d2KSa on Des1 in a cell-free system
was also analyzed. Since lipid analysis showed the formation
of diverse metabolites in cells, the Des1 inhibitory activity of
downstream sphingolipid metabolites was also determined. As
shown in Fig. 3D, neither KSa nor d2KSa reduced Des1 activity.
Likewise, Des1 was not inhibited by Sa and SaP. However, both
N-octanoylsphinganine (C8dhCer) and N-octanoylsphingosine
(C8Cer) reduced Des1 activity to 70 and 60% of control, respectively,
at equimolar concentrations with the substrate. In these experi-
ments, XM462 elicited Des1 inhibitory activity, proving that the
enzyme is active and responds to inhibition under the experimental
conditions of the assay. These results support that dhCer and/or Cer
are the actual Des1 inhibitory species in intact cells subjected to
short time treatments with the 3-ketobases (Fig. 3A).

Physiological effect of 3-ketosphingoid bases

We previously reported that 4,4-dideuterated dhCer induced
autophagy in HGC-27 cells and that this induction was preceded
by an increase in d2dhCer of different chain lengths.28 This result
supported a connection between dhCer increase and autophagy.
Since both KSa and d2KSa induce an increase in dhCer,
we investigated whether autophagy was also activated by the
3-ketosphingoid bases. For an unambiguous interpretation of
results, these experiments were carried out with d2KSa because
this compound induces an increase in d2dhCer (Fig. 2G) with
no increase in natural Cer levels (Fig. 2F) and a poor increase in
monodeuterated Cer levels (Fig. 2G), while both dhCer (Fig. 2C)
and Cer (Fig. 2F) augment in treatments with KSa. As shown in
Fig. 4A and B, HGC27 cells treated with 12 mM d2KSa for 6 h
exhibited a significant rise in the levels of LC3-II over controls
and this increase was enhanced by co-incubation with protease
inhibitors, which block the degradation of proteins included in
the autophagolysosome. These results support that d2KSa
stimulates the autophagic flux. However, LC3-II did not augment
in cells treated with 12 mM d2KSa for 24 h (data not shown), but
cells exhibited signs of apoptotic cell death (Fig. 4C and D).
However, other experiments using different techniques must be
carried out to confirm the apoptosis outcome. In order to deter-
mine the scope of the proautophagic action of the 3-ketobases, the
d2KSa activity at increasing LC3-II levels was also determined in
two glioblastoma cell lines. Western blot analysis of proteins from
T98G cells treated with d2KSa (12 mM)8 for 6 h showed increased
levels of LC3-II as compared to controls treated with the vehicle.
Moreover, this increase was enhanced in the presence of protease
inhibitors (Fig. 5A and C). Similar results were found in U87MG
cells upon exposure to d2KSa (20 mM/6 h)8 (Fig. 5E and G). With
these cells, immunofluorescence studies with an antibody that
recognizes preferentially the lipidated form of endogenous LC3
revealed an increased accumulation of immunostained LC3-II
puncta in cells treated with the compounds (Fig. 5B and F),
indicating that d2KSa induces autophagosome formation.
Importantly, under conditions found to induce autophagy,

d2KSa modified the sphingolipidome in both cell lines. As
found with HGC27 cells (see above), d2KSa provoked an increase
in d2dhCer, d2dhSM and d2LdhCer levels. Also similarly to
HGC27 cells, the levels of d1Cer (Fig. 5D and H) were lower than
the levels of Cer (ESI,† Fig. S3), likely due to a primary kinetic
isotope effect at C4 in the Des1-catalyzed reaction.26 In contrast
to HGC27 and U87MG cells, T98G cells produced very low
amounts of d2SaP (Fig. 5D), indicating either that phosphorylation
is very rapid and no longer evident at 6 h after treatment or that
sphingosine kinases are poorly active in these cells under the
experimental conditions of the assay. These overall results indicate
that d2KSa stimulates the production of dihydrosphingolipids and
the autophagic flux also in T98G and U87MG cell lines, supporting
that these effects are not cell specific. In contrast to HGC27 cells,
increasing d2KSa incubation time did not result in apoptosis in
T98G and U87MG cells (ESI,† Fig. S4), but in an increased
number of necrotic cells (positive to propidium iodide, but not
to Annexin V, staining) as compared to vehicle treated controls.
Early and late apoptosis were induced by N-octanoylsphingosine
(C8Cer), which was used as positive control of the apoptotic
response in these cells.

Discussion
Although several reports describe the metabolic fate of sphingoid
bases and their analogs,13,14,16,17 as well as their action and that of
their phosphates as regulators of sphingolipid metabolizing
enzymes,22–25 similar studies for KSa, the product of the first
committed step in sphingolipid biosynthesis, have not been
reported. Using both natural KSa and mass labeled d2KSa, in

Fig. 4 Effect of d2KSa in HGC27 cells. Cells were treatedwith 12 mMd2KSa for
either 6 h (A and B) or 24 h (C and D). In (A) and (B), treatments were carried out
in the absence (!PI) or presence (+PI) of protease inhibitors. Cells were lysed
and proteins were analyzed by the Western blot technique using an anti-LC3
antibody. (A) Western blot image corresponding to one representative experi-
ment. (B) Histograms showing the relative fold-changes of LC3-II/Actin over
control (EtOH). In (C) and (D), cells were processed and analyzed by flow
cytometry after propidium iodide/FITC-Annexin V staining. (C) Representative
cell distribution plots. (D) Histogram showing the percentage of alive, apoptotic
and necrotic cells. Data correspond to three experiments in duplicate (A and B)
or triplicate (C and D). In (B), data were analyzed by the one-way ANOVA test
(Po0.0001) followed by Bonferroni’s multiple comparison test. Different letters
denote statistically significant differences between means at Po 0.05 as found
by this test. In (D), asterisks indicate statistical significance vs. vehicle at Po 0.05
(unpaired two-tailed t test).

8 Concentrations used according to cell viability data. d2KSa was cytotoxic to
T98G and U87MG cells with CC50 values (mean " SD, 3 experiments with
triplicates) at 24 h of 26.9 mM ("4.2) and 29.9 mM ("9.1), respectively, and CC25

values (24 h) of 16.9 mM ("7.6) (T98G) and 15.0 mM ("4.9) (U87MG).
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this article we show that exogenous KSa follows the expected
metabolic pathways being directed to the catabolic route and
used to produce SLs de novo, both prior to reduction to Sa.
Furthermore, previously unreported direct N-acylation of d2KSa
and C1 O-phosphorylation have not been found to occur. These
results may indicate that CerS and sphingosine kinases do not
accept KSa as substrate. However, this does not agree with the
reported ability of CerS to accept a wide range of sphingoid
bases as substrates, including fumonisins,29,30 deoxysphingoid
bases,16,31 azidosphingoid bases17 and jaspine B (Cingolani et al.,
manuscript in preparation). On the other hand, sphingosine
kinases have also been found to phosphorylate several unnatural
sphingoid bases, such as, for instance, the immunomodulatory
sphingolipid analog FTY720.32,33 A more plausible explanation is
that KSa is readily reduced to Sa as soon as it is available, either
from exogenous sources or endogenously generated by SPT action,

so that sufficient amounts of the ketobase substrate are never
accessible for CerS- and SK-mediated transformation. The fact
that free KSa was not detected in lipid extracts, while very high
amounts of Sa, its reduction product, were found at early time
points supports the fast reduction hypothesis.

Lipid analysis and Des1 activity studies support that Des1
inhibition by substrates (dhCer or d2dhCer) may contribute to
the accumulation of dihydrosphingolipids brought about by
the 3-ketobases in the first hours of treatment, but not in long
incubation times. This conclusion is based on the findings that
only C8dhCer and C8Cer, but not KSa, Sa and SaP, decrease
Des1 activity in cell lysates. Furthermore, although C8Cer inhibits
Des1 in cell lysates and ceramide levels increase in treatments with
KSa, d2KSa is a more potent Des1 inhibitor in cell lysates but
deuterated ceramide levels increase poorly in treatments with
d2KSa. The latter finding is against Cer being the Des1 inhibitory
species in treatments with the 3-ketobases. Finally, the 3-ketobases
lowered Des1 activity in intact cells only in co-incubation with
the Des1 substrate for a short time period, but not after long pre-
incubation times. Interestingly, the latter conditions resulted in
increased Des1 expression, mainly in d2KSa treatments, in which
augmented Des1 activity was also evidenced. Increased Des1
expression likely occurs as a response of cells to the accumulation
of dhCer at long incubation times with the 3-ketobases. The higher
overexpression provoked by d2KSa as compared to natural KSa can
be explained considering that d2KSa is metabolically converted
into d2dhCer, which is desaturated at a 7-fold lower rate than
natural dhCer.26 Higher overexpression of Des1 would be induced
by d2dhCer rather than by dhCer (formed from exogenous KSa) to
cope with the enzyme clogging provoked by the slowly processed
deuterated substrate.

Both Cer and dhCer have been reported to exhibit important
biological functions. While the roles of Cer in mediating
antimitogenic actions have been recognized for a number of
years,1–4,34–37 the biological actions of dhCer have been disclosed
more recently.5 They include induction of cell cycle arrest,38

delay28 and autophagy39–44 and inhibition of Cer-induced channel
formation in mitochondria with final mitigation of the apoptotic
effect of Cer.45 In addition to both amides, phosphorylated
sphingolipids such as long chain base 1-phosphates8–11,46–47

and Cer 1-phosphate12,48,49 are also biologically active. In the
first case, experimental evidence supports the idea that the
location of S1P production dictates its functions. Thus, while
S1P generated in the cytosol by the action of sphingosine kinase 1
stimulates cell proliferation and inhibits de novo Cer synthesis,
S1P produced in the ER by sphingosine kinase 2 promotes Cer
synthesis through the salvage pathway and induces apoptosis.22 In
this article we report that d2KSa induces autophagy at short
incubation times, when a large increase in Sa, SaP and dhCer
occurs, but not at long incubation times, when those dihydro-
sphingolipids undergo a significant decrease. In contrast, dhSM
and dhLCer experienced the highest increase at long incubation
times, when autophagy was no longer induced by d2KSa, arguing
against the role of both lipids in autophagy induction by d2KSa.
This correlation supports the argument that Sa, SaP and/or dhCer
are involved in the pro-autophagic activity of d2KSa. Autophagy

Fig. 5 Effect of d2KSa on autophagy and deuterated lipid levels in glioblastoma
cells. Autophagy was determined by Western blot (A, C, E, G) and immuno-
fluorescence (B and F) analysis of LC3-II in T98G (A–C) and U87MG (E–G) cells
treated with d2KSa (A, 12 mM/6 h; B, 20 mM/6 h) or vehicle in the presence or
absence of protease inhibitors (PI: E64D and Pepstatin A) as detailed in the
Experimental section. (A and E) Western blot images corresponding to repre-
sentative experiments. (B and F) Representative fluorescencemicroscopy images
showing the formation of LC3-II puncta in T98 (B) and U87 (F) cells after
treatment with d2KSa (B, 12 mM/6 h; F, 20 mM/6 h) or vehicle. Scale bar: 10 mm.
(C and G) Histograms showing the relative fold-changes of LC3-II/Actin over
control (EtOH) in WB analyses. (D and H) Deuterated sphingolipids present in
T98G (D) and U87MG (H) cells treated with d2KSa (A, 12 mM/6 h; B, 20 mM/6 h).
Data correspond to three experiments in duplicate (A–C and E–G) or triplicate
(D and H). In (C), (D), (G) and (H) data were analyzed by the one-way ANOVA test
(P o 0.0001 in all cases) followed by Bonferroni’s multiple comparison test.
Different letters denote statistically significant differences between means at
P o 0.05 as found by this test.
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activation by dhCer5–7,41 and Sa42,50 has been reported and our
results add further support to the role of both sphingolipids as
mediators of autophagy. Cer and S1P have also been reported to
stimulate autophagy.51 However, Cer and S1P (data not shown) do
not increase upon d2KSa treatment over controls, which does not
support the role of both species asmediators of autophagy induction
by d2KSa treatment. Regarding SaP, although differential effects of
SaP versus S1P have been described,9–11 SaP has never been reported
to induce autophagy. Although d2SaP also increases in parallel with
autophagy induction by d2KSa in HGC27 and U87MG cell lines,
such an increase is not observed in T98G cells, while autophagy is
also stimulated in these cells. These results are against SaP being
involved in autophagy induction.

Although autophagy is activated as a cell survival response to
harmful stimuli, cells can eventually die if the pro-autophagic
input is severe or long lasting. Resveratrol has been shown to
induce autophagy without any sign of cell death in HGC27 cells
with the preferential production of C16dhCer.28 On the other
hand, sphingolipidomic analyses of four T-cell acute lympho-
blastic leukemia cell lines revealed strong positive correlations
between cytotoxicity associated with increased autophagy and
levels of C22 and C24dhCer.43 Moreover, Sa has been reported
to induce autophagic cell death42,50 and also to mediate the
cytotoxicity of fumonisin B152 and fenretinide.53 We speculate
that in our cell models, d2KSa exhibits cytotoxicity because the
balance between protective (C16d2dhCer) and cytotoxic (d2Sa,
C22d2dhCer and C24d2dhCer) species is tilted toward the
latter. Further studies are ongoing to study the role of different
sphingolipid species in autophagy induction and outcome.

Materials and methods
Materials

Minimum essential medium (MEM), Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin,
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT),
BSA, Trypsin–EDTA, non-essential amino acids, NADH, and
pepstatin A were purchased from Sigma. E64D was from Enzo
and the polyvinylidene difluoride (PVDF) membrane was from
Roche. ECL Prime Western Blotting Detection Reagent was
purchased from GE Healthcare. The Annexin V-FITC Early
Apoptosis Detection Kit was purchased from Cell Signaling.
Internal standards for lipidomics were from Avanti Polar Lipids.
Laemmli buffer and acrylamide were from BioRad, and SDS
was from Fluka. Antibodies: anti-LC3 was purchased from
Abcam (reference Ab48394), b-actin was from Sigma (reference
A2228) and HRP-secondary antibodies were from GE Healthcare
(anti-mouse, reference RPN4201V; anti-rabbit, reference NA934V).
Compounds KSa, d2KSa, dhCerC6NBD27 and XM46227 were
synthesized in our laboratories.

Synthesis of KSa and d2KSa

KSa was prepared following a reported protocol.54

(2S) 2-Amino-4,4-dideutero-3-oxo-1-octadecanol (HCl salt)
(d2KSa). This compound was prepared by oxidation (pyridinium

dichromate in CH2Cl2) of an erythro/threo mixture of (2S) tert-
butyl 4-(1-hydroxy-2,2-dideuterohexadecyl)-2,2-dimethyloxazolidine-
3-carboxylate,26 followed by acid hydrolysis (HCl in MeOH,
generated by the addition of acetyl chloride to a MeOH solution
of the above precursor). 1H NMR (400 MHz, CD3OD): d 4.23–3.90
(m, 2H), 3.32 (broad, 1H), 1.61 (broad, 2H), 1.30 (broad, 24H),
0.90 (s, 3H). 13C NMR (100 MHz, CD3OD): d 195 (CO), 62.1 (CH),
60.3, 33.1, (30.8–30.4), 30.0, 24.1, 23.7 (CH2), 14.4 (CH3). HRMS
calculated for C18H35D2NO2, 302.3028; found, 302.3032.

N-Hexadecanoyl-3-ketosphinganine55. This standard was
synthesized by acylation of KSa with hexadecanoic acid in the
presence of DCC, Et3N, HOBc, following a standard protocol.56
1H NMR (400 MHz, CDCl3): d 6.59 (broad d, 1H, NH amide),
4.58 (m, 1H, C2H), 3.91 (m, 2H, C1H), 2.55 (m, 2H, C4H2), 2.26
(t, 2H, C20H2), 1.61 (broad, 4H, C5H2 and C03H2), 1.23 (broad,
24 H), 0.86 (t, 2 ! CH3).

13C NMR (100 MHz, CDCl3): d 207.8,
174.4, 63.5 (C1), 60.9 (C2), 40.0 (C4), 36.5 (C20), 32.1, 29.8–29.3,
25.7, 23.7, 22.9 (C17 and C150), 14.1 (C18 and C160).

Cell culture

The human gastric cancer cell line HGC 27 was cultured at 37 1C
in 5% CO2 in minimum essential medium supplemented with
10% fetal bovine serum, 1% nonessential amino acids, and
penicillin (100 U ml"1) and streptomycin (100 mg ml"1). Cells
were routinely grown to a maximum confluence of 60%. Human
glioblastoma cell lines T98G and U87MG were cultured at 37 1C
in 5% CO2 in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum and penicillin (100 U ml"1) and
streptomycin (100 mg ml"1).

Cell viability

Cell viability was measured in triplicate samples by the MTT assay.
Cells were seeded in 96 well plates at a density of 1! 105 cells perml
and then subjected to various treatments for 24 h. At the end of the
treatments MTT was added to each well and incubated for 3 h. The
supernatant was aspirated, and the formazan crystals were dissolved
in DMSO. Absorbance was measured at 570 nm.

LC3-II analysis by Western blot

For LC3-II protein analysis 1 ! 105 cells were plated in 6 well
plates and were allowed to adhere for 24 h. Cells were pre-incubated
with protease inhibitors (E64D 10 mg ml"1 and Pepstatin A
5 mg ml"1). After 2 h, cells were treated with d2KSa at the
specified concentrations or EtOH as control for 6 h. After treatments,
cells were directly lysed in Laemmli sample buffer and heated at
95 1C for 5 min. Samples were loaded onto a 12% polyacrylamide
gel, separated by electrophoresis at 140 V/1 h and transferred onto
a PVDF membrane (100 V/1 h). Unspecific binding sites were then
blocked with 5% milk in TBST (LC3) or 3% BSA in TBST (Actin).
Anti-LC3 antibody was diluted 1 : 1000 in 5% milk in TBST.
Anti-Actin antibody was diluted 1 : 2000 in 3% BSA in TBST.
Membranes were incubated overnight at 4 1C under gentle agitation.
After washing with TBST, membranes were probed with the
corresponding secondary antibody for 1 h at room temperature
(LC3: anti-rabbit diluted 1 : 1000 in 3% BSA in TBST; Actin : anti-
mouse diluted 1 : 10 000 in 5% milk in TBST). Antibody excess
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was eliminated by washing with TBST, and protein detection
was carried out using ECL andmembrane scanning with a LI-COR
C-DiGits Blot Scanner. Band intensities were quantified using
LI-COR Image Studio Lite Software.

Immunofluorescence

Cells were grown on coverslips in 6 well plates at a density of
1 ! 105 cells per ml and allowed to attach. The medium was
replaced with freshmedium containing d2KSa (T98 cells, 12 mM/6 h;
U87MG cells, 20 mM/6 h) or vehicle (EtOH). After treatments cells
were washed with PBS and fixed in 4% paraformaldehyde (25 1C/
20 min). After washing the cells with PBS, aldehydes were quenched
with 50mMNH4Cl in PBS for 10min. Cells were washed again with
PBS, and permeabilized and blocked with 3% BSA/0.1% Triton
X-100 in PBS (25 1C/30 min). After washing with PBS, cells were
incubated with 40 mg ml"1 of anti-LC3 antibody in PBS overnight at
4 1C. Following incubation, cells were washed and treated with FITC
conjugated secondary antibody diluted 1 :100 in PBS (25 1C/1.5 h).
The punctate pattern of LC3 was visualized under a Nikon Eclipse
90i fluorescence microscope at 60! objective magnification.

Apoptosis

Cells were seeded in 6 well plates (1 ! 105 cells per ml), and
after 24 h, they were treated for 24 h with either d2KSa at the
specified concentrations or EtOH (negative control). After treat-
ments, cells were collected by trypsinization, washed twice with
PBS and centrifuged (200 rpm/3 min). The cell pellet was
resuspended in 96 mL of Annexin V binding buffer, 1 mL of
FITC-Annexin V and 12.5 mL of propidium iodide. After 10 min
on ice in the dark, apoptosis was determined using a Guava
easyCyteTM flow cytometer (Merck Millipore).

Lipid analyses

Cells were seeded at 1 ! 105 cells per ml in 6 well plates (1 ml per
well) and were allowed to adhere for 24 h. The medium was
replaced with fresh medium containing the test compounds at the
specified concentrations or EtOH as control. After specified time
periods, the medium was removed; cells were washed with 400 ml
PBS and harvested with 400 ml Trypsin–EDTA and 600 ml of
medium. Sphingolipid extracts, fortified with internal standards
(N-dodecanoylsphingosine, N-dodecanoylglucosylsphingosine,
N-dodecanoylsphingosylphosphorylcholine, C17-sphinganine and
C17-sphinganine 1-phosphate, 0.2 nmol each), were prepared and
analysed as reported by UPLC-TOF MS.40

Des1 activity assay

The effect of compounds on Des1 activity was studied in both
HGC27 cell lysates and intact cells as reported.40

Quantitative RT-PCR

Total RNA was isolated from cells using the RNeasys Mini Kit
from the QIAGEN protocol. RNA concentration was measured
by spectrophotometric absorption at 260 nm using a NanoDrop
ND-8000 spectrophotometer. RNA was treated with DNAse I to
remove genomic DNA contamination. Quantities from 1 mg to
100 ng of DNAse I-treated RNA were retrotranscribed to cDNA

using Superscripts II Reverse Transcriptase from Invitrogen
and stored at "20 1C. cDNA preparations were used to quantify
specific transcripts in a LightCyclers 480 Real Time PCR System,
using SYBRsGreen Mix (Roche, Germany) and the following
pairs of primers: Des1 (F, 50-CTATGCGTTTGGCAGTTGCA-30, and
R, 50-CAGTTGCCAAAGGCAGCATT-30) and GAPDH (F, 50-ACCATCTT
CCAGGAGCGAGA-30, and R, 50-GATGGCATGGACTGTGGTCA-30).
For all genes, the initial PCR steps were: 10 min at 95 1C, followed
by 45 cycles of 10 s melting at 95 1C and 30 s annealing/extension at
60 1C. The final step was 1 min incubation at 60 1C. All reactions
were performed in triplicate. Relative mRNA abundances of the
different genes were calculated from the second derivative
maximum of their respective amplification curves (Cp, calculated
in duplicate). Cp values for target genes (Tg) were compared to the
corresponding values for the GAPDH reference gene to obtain the
DCp values (DCp = CpGAPDH " CpTg).

Conclusions
In conclusion, we have reported that KSa and its deuterated
analog d2KSa induce the production of high levels of dihydro-
sphingolipids resulting from both the probe metabolism and,
under certain conditions, inhibition of Des1 activity. Time-course
experiments show that, among the several dihydrosphingolipids,
Sa/d2Sa, SaP/d2SaP and dhCer/d2dhCer reach maximum levels at
the earliest time points examined (3 and 6 h), while dhSM/d2dhSM
and LdhCer/d2LdhCer increase at longer incubation times (16 and
24 h). Autophagy induction by d2KSa, which occurs at short (6 h) but
not long (24 h) times of d2KSa treatment, correlates with Sa and
dhCer being the mediators of autophagy stimulated by d2KSa.
Finally, we could not find any evidence for the direct N-acylation
or C1 O-phosphorylation of KSa.
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24 A. Gómez-Muñoz, J. Kong, B. Salh and U. P. Steinbrecher,
FEBS Lett., 2003, 539, 56–60.

25 E. C. Mandon, G. van Echten, R. Birk, R. R. Schmidt and
K. Sandhoff, Eur. J. Biochem., 1991, 198, 667–674.
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Chem, 2008, 3, 946–953.

28 V. Gagliostro, J. Casas, A. Caretti, J. L. Abad, L. Tagliavacca,
R. Ghidoni, G. Fabrias and P. Signorelli, Int. J. Biochem. Cell
Biol., 2012, 44, 2135–2143.

29 H. Harrer, E. L. Laviad, H. U. Humpf and A. H. Futerman,
Mol. Nutr. Food Res., 2013, 57, 516–522.

30 M. Seiferlein, H.-U. Humpf, K. A. Voss, M. C. Sullards, J. C.
Allegood, E. Wang and A. H. Merrill,Mol. Nutr. Food Res., 2007,
51, 1120–1130.

31 H. U. Humpf, E. M. Schmelz, F. I. Meredith, H. Vesper, T. R.
Vales, E. Wang, D. S. Menaldino, D. C. Liotta and A. H. Merrill,
J. Biol. Chem., 1998, 273, 19060–19064.

32 S. W. Paugh, S. G. Payne, S. E. Barbour, S. Milstien and
S. Spiegel, FEBS Lett., 2003, 554, 189–193.

33 A. Billich, F. Bornancin, P. Dévay, D. Mechtcheriakova, N. Urtz
and T. Baumruker, J. Biol. Chem., 2003, 278, 47408–47415.

34 A. Morales and J. C. Fernandez-Checa, Mini-Rev. Med.
Chem., 2007, 7, 371–382.

35 S. A. Saddoughi and B. Ogretmen, Adv. Cancer Res., 2013,
117, 37–58.

36 T. D. Mullen and L. M. Obeid, Anti Canc. Agents Med. Chem.,
2012, 12, 340–363.

37 M. N. Nikolova-Karakashian and K. A. Rozenova, Adv. Exp.
Med. Biol., 2010, 688, 86–108.

38 J. M. Kraveka, L. Li, Z. M. Szulc, J. Bielawski, B. Ogretmen,
Y. A. Hannun, L. M. Obeid and A. Bielawska, J. Biol. Chem.,
2007, 282, 16718–16728.

39 P. Signorelli, J. M. Munoz-Olaya, V. Gagliostro, J. Casas,
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Table. Empirical formulae and calculated accurate masses for deuterated 3-ketodihydroshingo 
lipids. 

Compounda Empirical 
formula 

exact 
massb   Compounda Empirical 

formula 
exact 
massb 

d2KSa C18H35D2NO2 302.3028  d1KSo C18H34D1NO2 299.2809 
d2KSaP C18H36D2NO5P 382.2691  d1KS1P C18H35D1NO5P 379.2472 
C16d2KdhCer C34H65D2NO3 540.5325  C16d1KCer C34H64D1NO3 537.5106 
C18d2KdhCer C36H69D2NO3 568.5638  C18d1KCer C36H68D1NO3 565.5419 
C20d2KdhCer C38H73D2NO3 596.5951  C20d1KCer C38H72D1NO3 593.5731 
C22d2KdhCer C40H77D2NO3 624.6264  C22d1KCer C40H76D1NO3 621.6044 
C24d2KdhCer C42H81D2NO3 652.6577  C24d1KCer C42H80D1NO3 649.6357 
C16d2KdhSM C39H78D2N2O6P 705.5880  C16d1KSM C39H77D1N2O6P 702.5660 
C18d2KdhSM C41H82D2N2O6P 733.6193  C18d1KSM C41H81D1N2O6P 730.5974 
C20d2KdhSM C43H86D2N2O6P 761.6506  C20d1KSM C43H85D1N2O6P 758.6286 
C22d2KdhSM C45H90D2N2O6P 789.6819  C22d1KSM C45H89D1N2O6P 786.6599 
C24d2KdhSM C47H94D2N2O6P 817.7131  C24d1KSM C47H93D1N2O6P 814.6912 
C16d2KdhCMH C40H75D2NO8 702.5853  C16d1KCMH C40H74D1NO8 699.5634 
C18d2KdhCMH C42H79D2NO8 730.6166  C18d1KCMH C42H78D1NO8 727.5947 
C20d2KdhCMH C44H83D2NO8 758.6479  C20d1KCMH C44H82D1NO8 755.6260 
C22d2KdhCMH C46H87D2NO8 786.6792  C22d1KCMH C46H86D1NO8 783.6573 
C24d2KdhCMH C48H91D2NO8 814.7105  C24d1KCMH C48H90D1NO8 811.6886 
C16d2KdhLCer C46H85D2NO13 864.6381  C16d1KLCer C46H84D1NO13 861.6162 
C18d2KdhLCer C48H89D2NO13 892.6694  C18d1KLCer C48H88D1NO13 889.6475 
C20d2KdhLCer C50H93D2NO13 920.7007  C20d1KLCer C50H92D1NO13 917.6788 
C22d2KdhLCer C52H97D2NO13 948.7320  C22d1KLCer C52H96D1NO13 945.7101 
C24d2KdhLCer C54H101D2NO13 976.7633  C24d1KLCer C54H100D1NO13 973.7414 

a Abbreviations: d1KCer, [4-2H] ketoceramide; d1KCMH, [4-2H] ketoceramide 
monohexoside; d1KLCer, [4-2H] ketolactosylceramide; d1KS1P, [4-2H] 
ketosphingosine 1-phosphate; d1KSM, [4-2H] ketosphingomyelin; d1KSo, [4-2H] 
ketosphingosine; d2KdhCer, [4,4-2H2] ketodihydroceramide; d2KdhCMH, [4,4-2H2] 
ketodihydroceramide monohexoside; d2KdhLCer, [4,4-2H2] 
ketolactosyldihydroceramide; d2KdhSM, [4,4-2H2] ketodihydrosphingomyelin; d2KSa, 
[4,4-2H2] ketosphinganine; d2KSaP, [4,4-2H2] ketosphinganine 1-phosphate. 

bin ESI-positive mode.  
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SUPPLEMENTARY FIGURES 

 

	

Supplementary Figure 1. Effect of KSa and d2KSa on sphingolipid levels in HGC27 

cells. Cells were treated with 5 µM of KSa (dark grey bars), d2KSa (black bars) or 

vehicle (light grey bars) for the specified times and then cells were collected and 

processed for LC/MS lipid analysis. Data correspond to the mean ± SD of three 

independent experiments with triplicates. Data corresponding to each different treatment 

over time were analyzed by one-way ANOVA test followed by Bonferroni's multiple 

comparison post-test when ANOVA P<0.05. In the latter case, different letters denote 

statistically significant difference between means at P<0.05 as found by this test. 
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Supplementary Figure 2. Metabolization of KSa and d2KSa by direct N-acylation in 
HGC27 cells.	Cells were treated with 5 µM of d2KSa (A) KSa (B), or vehicle (C) for 6 
h and then cells were collected and processed for LC/MS lipid analysis. Left, 
chromatograms generated by selection of the ions indicated on the right above each 
trace, which correspond to the species indicated next below the retention times. 
Synthetic C16KdhCer is shown in D. Right, theoretical and experimental exact mass of 
peak at 8.20 min of chromatogram D, corresponding to C16KdhCer. All species were 
analyzed under ESI-positive mode. Other ketodihydrosphingolipids were also absent in 
the chromatrograms when monitoring the ions listed in the Supplementary Table. 
C16Cer, N-palmitoylsphingosine, C16dhCer, N-palmitoylsphinganine, C16KdhCer, 
N-palmitoylketosphinganine. Dideuterated N-palmitoylketosphinganine 
(C16d2KdhCer) (C34H65D2NO3, exact mass 540.5325; see Supplementary Table) 
should elute at 8.20 min in chromatogram A. 
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Supplementary Figure 3. Effect of d2KSa on natural sphingolipid levels in T98G (A) 

and U87MG (B) cells. Cells were treated with with 12 µM (T98G) or 20 µM (U87MG) 

d2KSa (black bars) or vehicle (light grey bars, controls) for 6 h and then cells were 

collected and processed for LC/MS lipid analysis. Data correspond to the mean ± SD of 

three independent experiments with triplicates. None of the species changes 

significantly as compared to controls. 
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Supplementary Figure 4. Quantification of apoptosis by flow cytometry in T98G (A) 

and U87MG (B) cells exposed to d2KSa or C8Cer (positive control of apoptosis). Cells 

were treated with 12 µM (T98) or 20 µM (U87MG) d2KSa or 20 µM or C8Cer for 24 h 

(C,D) and analyzed by flow cytometry after IP/Annexin V staining. Images show 

representative dot plot panels. Treatment with d2KSa results in increased number of 

necrotic cells (PI–positive and annexin V–negative; top left quadrants), while treatment 

with C8Cer produces early apoptotic cells (PI–negative and annexin V–positive; bottom 

right quadrants) and late apoptotic cells (PI–positive and annexin V–positive; top right 

quadrants). 
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ABBREVIATIONS 

 
C22:0-dhCer, docosanoylsphinganine; C24:0-dhCer, N-tetracosanoylsphinganine; 
C24:1-dhCer, N-tetracosenoylsphinganine; CCX, celecoxib; Cer, ceramide; CerS, 
ceramide synthase; d2C8dhCer, N-octanoyl-D-erythro-[4,4-2H2]sphinganine; Des1, 
dihydroceramide desaturase 1; dhCer, dihydroceramide; dhCerC6NBD, N-[6-[(7-nitro-
2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-D-erythro-sphinganine; dhSM, 
dihydrosphingomyelin; DIPACS, Des1 inhibitory pro-autophagic compounds; FITC, 
Fluorescein isothiocyanate; LacdhCer, lactosyldihydroceramide; LC3, microtubule-
associated protein 1 light chain 3; PBS, phosphate buffered saline; PVDF, 
polyvinylidenedifluoride; PXD, phenoxodiol; RV, resveratrol; SL, sphingolipids; SM, 
sphingomyelin; SPTLC, serine palmitoytranferase long chain; TBST, Tris buffered 
saline solution with Tween-20; THC, tetrahydrocannabinol; UPLC-TOF MS, 
ultraperformance liquid chromatography coupled to time of flight mass spectrometry; γ-
T, gamma-tocopherol; γ-TE, gamma-tocotrienol. 	 	
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INTRODUCTION 

Autophagy is an evolutionary conserved cellular catabolic pathway involving the 

lysosomal degradation and recycling of proteins and organelles. Under physiological 

conditions, cells undergo autophagy to eliminate aberrant, damaged biomolecules or 

structures to maintain tissue homeostasis. The autophagic response is activated and 

exploited by cells submitted to stressors such as starvation and hypoxia as a 

cytoprotective mechanism to obtain nutrients and energy (1, 2). Under sustained or 

strong stressing conditions, autophagy can culminate in programmed cell death (3–5). 

Problems in the execution of autophagy are linked to different pathological conditions, 

such as neurodegeneration, aging, and cancer (6) with manipulation of autophagy 

emerging as a potential therapeutic target (7–9). In cancer, tumors able to undergo 

autophagy exhibit increased resistance to therapy (10–13), which can be counteracted 

by co-administration of autophagy inhibitors (14–16). However, beyond a still unclear 

check point, autophagy is no longer protective but kills tumor cells in a genetically 

programmed way. Thus, the convenience of inducing or impairing autophagy for 

therapeutic purposes requires a deep knowledge of this process at the molecular level. 

Sphingolipids (SL), which are ubiquitous membrane lipids in eukaryotic cells, are 

involved in the generation of membrane structures and contribute to various cellular 

functions. While the role of SL in cell proliferation and apoptosis have long been 

recognized, their implication in autophagy is more recent (17). Specifically, ceramides 

(Cer) (18), sphingosine-1-phosphate (19–21), dihydroceramides (dhCer) (22), 

sphingomyelins (SM) (23, 24) and gangliosides (25–27) seem able to differentially 

regulate the autophagic pathway and/or contribute to the autophagosome formation. 

Evidences arising from studies with chemotherapeutic drugs and pharmacological tools 

sustain a role for dhCer in the induction of autophagy (22). Thus, several compounds 

reported to induce autophagy have also activity as dihydroceramide desaturase 1 (Des1) 

inhibitors. Drugs include tetrahydrocannabinol (THC) (28–31)(32)§, fenretinide (33, 

34), resveratrol (RV) (35–38) and celecoxib (CCX) (39–42). Pharmacological tools 

include the sphingosine kinase inhibitor SKI-II (43), and the synthetic Des1 inhibitors 

GT11 (32) and XM462 (36). On the other hand, increased levels of dihydrosphingosine 

and dhCer have been shown to occur in prostate cancer cells incubated by gamma-

tocotrienol (γ-TE), and this increase appears to contribute to the autophagic response 
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elicited by the compound (44, 45). Although these results suggest that γ-TE inhibits 

Des1, inhibition has not been demonstrated in an enzyme activity assay. Finally, 

phenoxodiol (PXD) is a synthetic analog of genistein, a natural isoflavone reported to 

induce autophagy (46, 47). PXD has been reported to promote non-apoptotic cell death, 

but the proautophagic activity of PXD has not been investigated. Furthermore, although 

its phenolic structure suggests activity as Des1 inhibitor (22), this property has not been 

examined.  

Using T98G and U87MG glioblastoma cell lines and different Des1 inhibitory pro-

autophagic compounds (DIPACS) exhibiting different cytotoxicities (CCX, PXD, RV, 

γ-TE and XM462) we show that autophagy induction occurs concomitantly with dhCer 

buildup. However, autophagy is also induced in the absence of dhCer accrual. We 

propose that DIPACS trigger both dhCer-dependent and independent pathways and that 

their balance, along with the differently N-acylated dhCer/Cer ratios in the first case, 

has an impact on the final cell fate. 

RESULTS 

DIPACS have different effects on U87MG and T98G cell viability. 

 
 

Figure 1. Effect of test compounds on cell viability. U87 (A,C) and T98 (B,C) cells were 
exposed to CCX (A,B), PXD (A,B), RV (A,B), γ-TE (A,B) and XM462 (C) for 24 h and 
cell viability was determined by the sulphorhodamine B test. Curve fitting with the 
sigmoidal dose-response (variable slope) equation afforded the CC50 values (µM) (95% 
confidence intervals) depicted in D. Data were obtained from 3 to 5 experiments with 
triplicates. 
 
Although most of the compounds used in this study had been reported to increase dhCer 

levels, cell viability determinations showed that only two of them were cytotoxic in our 
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cell models. Thus, CCX caused a decrease in cell viability with CC50 values (24 h) of 

93.4 µM (T98G) and 124.7 µM (U87MG), while γ-TE was cytotoxic with CC50 values 

(24 h) of 46.5 µM (T98G) and 38.7 µM (U87MG) (Figure 1A, B, D). In contrast, PXD 

and RV were poorly effective at decreasing cell viability (CC50 values (24 h) above 

200 µM in both cell lines) and gamma-tocopherol (γ-T), which differs from γ-TE by the 

absence of the double bonds in the isoprenoid chain, did not affect cell viability at 

concentrations up to 200 µM. The active-site directed Des1 inhibitor XM462, which has 

also been reported to induce an increase in dhCers (36, 48), was more potent at 

modifying cell viability in U87MG than in T98G cells (Figure 1C, D). 

 

DIPACS induce an increase in dihydrosphingolipids. 

In order to assess the putative occurrence of a correlation between cytotoxicity and 

sphingolipid composition, lipid analysis was carried out in extracts from cells treated 

with the compounds at non toxic concentrations. CCX, RV, PXD and γ-TE, but not γ-T 

at 100 µM, promoted an increase in dhCer, dihydrosphingomyelins (dhSM) and 

lactosyldihydroceramides (LacdhCer) in U87MG (Figure 2A) and T98G cell lines 

(Figure S1A). Similar results were found with the active site-directed Des1 inhibitor 

XM462 (100 µM / 24 h). In contrast, sphingolipids derived from sphingosine (Cer, SM, 

monohexosylceramides (MHC) and lactosylceramides (LacCer)) did not change 

significantly over those of vehicle-treated cells except for a few specific cases (Figures 

2A and S1A). However, in both cell lines the highest accrual over controls occurred for 

dhSL, mainly for dhCer (Figures 2B and S1B). It is worth noting that, in general, 

U87MG cells were more responsive to the compounds at increasing dhSL levels than 

T98G cells. In the most responsive cell line (U87MG), dhCer rose 2-fold (XM462), 10-

fold (γ-TE), 17-fold (PXD and RV) and 30-fold (CCX) after treatments, while dhSM 

levels were 1.5-fold (XM462), 5-fold (γ-TE and PXD), 3.6-fold (RV) and 2.6-fold 

(CCX) higher in treated cells than in controls and dhLacCer levels were 1.8-fold 

(XM462), 3.5-fold (PXD and RV), 5-fold (γ-TE) and 6-fold (CCX) higher than controls 

(Figure 2B and S1B). Levels of long chain bases and their phosphates did not change 

significantly upon the treatments (data not shown). 

Since differently acylated Cer (49–56) and dhCer (57, 58) have been reported to exert 

different effects on cell fate, the impact of the compounds on dhCer composition was 

determined. In both cell lines, the various dhCer species were differently affected by the 
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compounds (Figures 2C-G and S1C-G). The most striking changes over controls 

occurred for the C24:0-dhCer, which increased in treatments with PXD (Figures 2F and 

S1F) and RV (Figures 2G and S1G), accounting for a ca 65% of total dhCer (Figures 

2H and S1H), and C24:1-dhCer, which decreased to about a 20% of total (Figures 2F 

and S1F). In contrast, cells treated with γ-TE (Figures 2C, 2H, S1C and S1H), CCX 

(Figures 2E, 2H, S1E and S1H) and XM462 (Figures 2D, 2H, S1D andS1H) exhibited 

no preponderance of C24:0-dhCer. 

 
 
 

Figure 2. Effect of compounds on sphingolipid levels in U87 cells. Cells were incubated 
with the compouns at γ-T, 50 µM; γ-TE, 35 µM; XM462, 100 µM; RV, 100 µM; PXD, 100 
µM and CCX, 100 µM for 24 h. Lipids analysis was carried out by LC/MS. A, Amounts of 
total sphingolipids. B, Increase of total sphingolipids over vehicle-treated controls. C-G, 
dhCer species. H, Percentage of dhCer species in differently treated cells. Data were 
obtained from 4 experiments with triplicates. Data corresponding to each sphingolipid 
family were analyzed by one way ANOVA followed by Dunnett's Multiple Comparison 
post-test if ANOVA P < 0.05 (*, P < 0.05 from vehicle-treated cells). 
 
The increase in dhCer levels occurs by decreased Des1 activity and stimulation of 

ceramide biosynthesis de novo. 

The observed effect of the compounds on the sphingolipidome agreed with Des1 

inhibition. This was confirmed in enzyme assays using a fluorescent analog of dhCer as 

substrate (59). As shown in Figure 3A, all compounds except for γ-T provoked a 
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reduction in Des1 activity when administered to whole cells (20 h). The lowest effect 

was produced by γ-TE, which reduced Des1 activity to about the 50 % of control in the 

assay conditions. The other compounds tested provoked a similar reduction in Des1 

activity to an approximately 15% of control, in resemblance with the inhibition 

provoked by the Des1 active site-directed inhibitor XM462. When Des1 inhibition was 

tested in cell lysates, potent inhibition was exhibited by PXD, RV and XM462 (positive 

control) (Figure 3B). However, CCX inhibited Des1 in cell lysates at concentrations 

higher than those required for inhibition in intact cells and γ-TE was not inhibitory 

(Figure 3B). This last result suggested that decreased Des1 activity in intact cells  

	

Figure 3. Effect of the test compounds on the activity of Des1. A. T98 cells were treated 
for 20 h with either ethanol (control), CCX (50 µM), PXD (50 µM), RV (100 µM), γ-T (50 
µM), γ-TE (35 µM)or XM462 (100 µM) (positive control). Then, the Des1 substrate 
(dhCerC6NBD, 10 µM) was added and cells were collected 4 h later. Medium and cell 
samples were analysed by HPLC coupled to a fluorescence detector (see experimental part 
for details). B. cell lysates were incubated with both substrate (10 µM) and test compounds 
(CCX, 100 µM; PXD, 50 µM; RV, 100 µM; γ-T, 50 µM; γ-TE, 200 µM; XM462, 10 µM) 
for 4 h and analysis was carried out by HPLC coupled to a fluorescence detector. C. Effect 
of compounds at the same concentrations as in A on the mRNA levels (as determined by 
quantitative real-time PCR) of Des1. In both A and B, data are the average ± SD of two 
independent experiments with triplicates. In C, data correspond to 5 independent 
experiments with duplicates. Data were analyzed by one way ANOVA following by 
Dunnet’s multiple comparison post-test if ANOVA P < 0.05. (*, P < 0.01 from vehicle-
treated cells). 

exposed to γ-TE could result from down-regulation of Des1 expression. This 

assumption was confirmed in mRNA analysis by qPCR, which showed that cells treated 
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with γ-TE at the same concentrations found to decrease Des1 activity contained 

significantly less Des1 transcript than controls (Figure 3C). In contrast, other transcripts 

involved in ceramide synthesis de novo were either unaffected or upregulated by γ-TE. 

As for the other Des1 inhibitors examined, none of them modified Des1 mRNA levels 

as compared to controls, but provoked an increased expression of genes of the de novo 

pathway (Figure 3C). These overall results indicate that the compounds studied here 

provoke an increase in cellular dhCer by both stimulating Cer synthesis de novo and 

decreasing Des1 activity by either direct inhibition or down-regulation of Des1 gene 

expression. 

Inhibition of Des1 induces the autophagic flux 

Several lines of evidence support that dhCer mediate autophagy induced by different 

inputs, including cell exposure to both cytotoxic (32, 39) and non-toxic compounds 

(36). Since the compounds studied here induce an increase in dhCer by decreasing Des1 

activity, we examined whether they activated autophagy in the two cell lines at the same 

concentrations and incubation time (24 h) used to examine their effect on the 

sphingolipidome. Western blot analysis of proteins from U87MG and T98G cells 

treated with CCX, RV, PXD and γ-TE showed an increased production of LC3-II over 

controls. The increase in LC3-II expression was enhanced in the presence of protease 

inhibitors, demonstrating that the 4 compounds activate the autophagic flux. The active 

site-directed Des1 inhibitor XM462 at 100 µM / 24 h also induced an LC3-II increase, 

which was augmented in the presence of protease inhibitors. In contrast, γ-T (100 µM / 

24 h) did not induce the production of LC3-II in either U87MG (Figure 4) or T98G 

(Figure S3) cells.  

Immunofluorescence studies with an antibody that recognizes preferentially the 

lipidated form of endogenous LC3, revealed an increased accumulation of 

immunostained LC3-II puncta in cells treated with the compounds, except for γ-T, in 

comparison to cells treated with vehicle, indicating that the compounds induce 

autophagosome formation (Figure 5 and Figure S3). 
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Figure 4. Effect of the test compounds on the autophagic flux in U87 cells. Cells were 
treated with CCX (100 µM), PXD (100 µM), RV (100 µM), γ-T (50 µM), γ-TE (35 µM) 
and XM462 (100 µM) for 24 h with or without a preincubation of 2 h with protease 
inhibitors (PI) (E64D and Pepstatin A). A, Western blot images corresponding to one 
representative experiment. The numbers below the actin bands correspond to the quotients 
of the LC3-II/β-actin ratios over vehicle treated cells (mean, n=5). B, Histograms showing 
the fold-changes of LC3-II/Actin over control (EtOH). Data are the average ± SD of five 
individual experiments and were analyzed by one way ANOVA following by Bonferroni’s 
multiple comparison post-test if ANOVA P < 0.05. Different letters atop each denote 
statistical significance (P < 0.05). 

 

Figure 5. Autophagy induction by the test compounds. Representative images showing 
an accumulation of immunostained LC3-II puncta in U87 cells after treatment with CCX 
(100 µM), PXD (100 µM), RV (100 µM), γ-T (50 µM), γ-TE (35 µM) for 24 h. Ethanol was 
used as control and XM462 (100 µM) was used as a positive control of autophagy 
induction. Magnification, ×60. Scaled bar: 10 µm. The percentage of cells with more than 
five defined cytosolic green dots is represented in the histogram. *P ≤ 0.01, **P < 0.001 
(one way ANOVA following by Dunnet’s multiple comparison post-test if ANOVA P < 
0.05).  
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Autophagy is also induced by DIPACS independently of dhCer production 

In order to ascertain whether the production of dhCer was a strict requirement for 

autophagy induction by DIPACS, a series of experiments were carried out under 

conditions of impaired dhCer synthesis. In a first set of experiments, dhCer synthesis 

was blunted with myriocin, an inhibitor of SPT, the enzyme that catalyzes the first 

committed step in the de novo ceramide synthesis pathway. As shown in Figures 6A,B 

and S4A,B, cells treated with myriocin (5 µM / 24 h) prior to addition of RV, PXD or γ-

TE at concentrations shown to induce autophagy produced lower LC3-II levels than 

cells treated with the compounds alone for 24 h. Protease inhibitors enhanced the 

increase in LC3-II induced by the compounds, but lower levels of LC3-II were also 

evident in myriocin plus protease inhibitors-treated cells. Moreover, cells treated in 

parallel with the compounds for 24 h after 24 h preincubation with myriocin produced 

significantly less dhCer (and SL in general) than controls treated with the compounds 

only (Figures 6C and S4C). However, myriocin–pretreatment reduced the 

compounds-promoted increase in dhCer to a higher extent than it lowered autophagy 

induction (compare Figures 6B and 6C and Figures S4B and S4C). Furthermore, 

myriocin pre-treatment did not modify the levels of LC3-II induced by CCX (Figures 

6A,B and S4A,B), although significantly less SL, including dhCer, were present in the 

myriocin pre-treated samples than in vehicle treated controls (Figures 6 and S4C). On 

the other hand, cell viability determinations evidenced that myriocin pretreatment did 

not modify the effect of DIPACS on cell viability (data not shown). These results 

suggest that dhCers are not a strict requirement for autophagy induction by DIPACS 

and that dhCer-dependent autophagy is not involved in the sensitivity of cells to these 

compounds. 

In order to obtain additional support for the occurrence of a dhCer-independent 

autophagy in DIPACS treatment and to further assess its role in cell fate, a second 

approach was followed in which the autophagy essential Atg5 gene was stably silenced 

in a U87MG derived clone (U87DND) defective in ceramide production de novo. 

Transcript analysis showed that the levels of serine palmitoyltransferases long chain 1 

and 2 (SPTLC1 and SPTLC2) and ceramide synthases (CerS) 2 and 5 (CerS2 and 

CerS5) were dramatically decreased in both scrambled controls (U87DND-shC) and 

Atg5 knockdowns (U87DND-shAtg5) as compared to the originally used de novo 

ceramide synthesis competent U87MG cells (Figure 7A). Likewise, CerS6 transcript 
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was also expressed at lower levels in U87DND-shC and U87DND-shAtg5 than in 

U87MG cells. Furthermore, the levels of those transcripts did not rise by treatment with 

the compounds (data not shown). In agreement with the gene expression data, lipid 

analysis carried out in U87DND-shC and U87DND-shAtg5 cells exposed to marginally 

 

Figure 6. Effect of myriocin on the activity of the test compounds in U87 cells. Cells 
were treated with CCX (100 µM), PXD (100 µM), RV (100 µM), γ-T (50 µM), γ-TE (35 
µM) and XM462 (100 µM) for 24 h after a 24 h pre-incubation with myriocin (Myr) (5 µM) 
or vehicle and a subsequent 2 h treatment with protease inhibitors (PI) or vehicle. Cells 
were then collected and processed for either Western blot (A,B) or lipid analysis (C). A. 
Western blot images corresponding to one representative experiment. B. Fold-changes of 
LC3-II/Actin ratios over control (EtOH) are shown in the histograms. C. Amounts of total 
dhCer analyzed by LC/MS. Data are the average ± SD of four experiments with duplicates 
(A,B) and three experiments with triplicates (C). Statistical analysis was carried out by one 
way ANOVA following by Bonferroni’s multiple comparison post-test if ANOVA 
P < 0.05. Different letters atop each denote statistical significance (P < 0.05). 

 



	 73	

	

Figure 7. Different competence of U87 cell models at increasing dhCer levels in 
response to treatments. A. Cells were treated with either ethanol or the compounds at the 
specified concentrations (lower concentrations were used in U87DND-shC and 
U87DND-shAtg5 cells due to higher cytotoxicity of compounds in these cells) and lipids 
were extracted and analyzed as detailed in the experimental section. Data correspond to the 
mean ± SD of three independent experiments with triplicates. Statistically significant 
difference vs vehicle is given as: *, P<0.05; **, P<0.01; ***, P<0.005; ǂ, P<0.0005; †, 
0.00005; #, 0.00001 (unpaired, two-tailed t test). B, Increase of total Cer and dhCer over 
vehicle-treated controls. C, mRNA levels (as determined by quantitative real-time PCR) of 
SPTLC1, SPTLC2, CerS2, CerS5 and CerS6 in U87MG, U87DND-shC and 
U87DND-shAtg5 cells submitted to 24 h treatment with the compounds at the same 
concentrations as in A. Data correspond to the mean ± SD of five independent experiments 
with duplicates. 

 

toxic concentrations of DIPACS showed that, as expected for cells defective at 

synthesizing ceramide de novo, both controls and knockdowns showed a dramatically 

decreased capacity to respond to the compounds by increasing dhCer levels as 

compared to the original de novo ceramide synthesis competent U87MG cells (Figure 
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7B). Thus, while in U87MG cells dhCer amounts experienced large increases upon 

treatments, ranging from 9-fold (γ-TE) to 30-fold (CCX) over vehicle control, dhCer 

levels increased only 2-2.5-fold of vehicle in U87DND cells (Figure 7C). However, 

despite the low capacity of U87DND cells to increase dhCer in response to DIPACS, 

the compounds were able to induce autophagy in U87DND-shC cells. As expected, 

levels of LC3-II in U87DND-shAtg5 cells treated with the compounds were 

significantly lower than those in treated mock cells (U87DND-shC) both in the presence 

and absence of protease inhibitors (Figure 8A, B), sustaining the success of Atg5 

silencing at decreasing the cells competence at undergoing autophagy. This result 

supports that DIPACS are able to induce autophagy independently of dhCer production. 

Interestingly, U87DND-shC cells exhibited a consistently increased sensitivity to RV 

(17 times) and PXD (154 times) as compared to the de novo ceramide synthesis 

competent U87MG cell line (Figures 1 and 8C). In contrast, γ-TE and CCX were only 

slightly (1.2 times) and moderately (3 times) more toxic, respectively, in U87DND-shC 

than in the original U87MG cells. These results suggest that the inability of U87DND-

shC to respond to RV and PXD with an increase in dhCer renders the cells more 

sensitive to the treatments, implying that long chain dhCers might exert a cytoprotective 

role. On the other hand, genetic inhibition of Atg5 resulted in a slight but significant 

increase in viability over controls (U87DND-shC) in treatments with RV, PXD and 

CCX, while not significantly different curves were obtained with γ-TE (Figure 8C). 

These findings support that CCX, RV and PXD-induced dhCer-independent autophagy 

leads to cell death, while autophagy does not participate in cell death induced by γ-TE 

in the experimental conditions of the assay.  

6. Effect of dhCer on PXD cytotoxicity. 

The dramatically increased sensitivity to PXD observed in U87DND-shC as compared 

to U87MG cells prompted us to investigate whether dhCer, which are produced in the 

resistant (U87MG) but not in the sensitive U87DND-shC cell line, played a 

cytoprotective role in exposure to PXD. To this aim, U87DND-shC cells were treated 

with a dideuterated dihydroceramide analog (d2C8dhCer) that is N-transacylated and 

desaturated in intact cells, although desaturation occurs at a slowlier rate than that of 

natural dhCer due to the existence of a primary isotope effect (60), thereby resulting in 

an accumulation of dideuterated dihydroceramides. As shown in Figure S5A, 

U87DND-shC cells treated with PXD in the presence of d2C8dhCer were slightly more  
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Figure 8. Effect of Atg5 silencing on cell viability and proautophagic activity of the 
test compounds in U87 cells. A Cells were treated with either ethanol or serial dilutions of 
CCX (48 h), PXD (48 h), RV (48 h), and γ-TE (24 h) and cell viability was estimated by the 
sulphorhodamine B assay. Data are the average ± SD of three experiments with triplicates. 
B. Cells were treated with either ethanol or CCX (33 µM for 48 h), PXD (1 µM for 48 h), 
RV (18 µM for 48 h), γ-TE (28 µM for 24 h) and XM462 (1 µM for 24 h). Western blot 
images corresponding to one representative experiment. The numbers below the actin bands 
correspond to the quotients of the LC3-II/β-actin ratios over vehicle treated cells (mean, 
n=3). C, fold of LC3-II/Actin ratios over sh-C/EtOH. Data are the average ± SD of three 
experiments with triplicates. In A, curve fitting with the sigmoidal dose-response (variable 
slope) equation afforded the following CC50 values (µM) (95% confidence intervals): 
U87DND shC: CCX, 39.5 (38.2 to 40.9); PXD, 1.4 (1.3 to 1.4); RV, 23.8 (22.8 to 25.0); γ-
TE, 33.2 (31.0 to 35.4). U87DND shAtg5: CCX, 53.6 (51.9 to 55.2); PXD, 2.6 (2.4 to 2.6); 
RV, 35.2 (33.4 to 36.6); γ-TE, 29.9 (27.9 to 32.0). Data were obtained from 3 to 5 
experiments with triplicates. Comparison of fits gave statistically significant (P<0.0001) 
differences between the LogCC50 values for CCX (F (DFn, DFd) = 159.8 (1,188)), PXD 
544.2 (F (DFn, DFd) = 1,181)) and RV (F (DFn, DFd) = 134.6 (1,139)). In C, statistical 
analysis was carried out by one way ANOVA following by Bonferroni’s multiple 
comparison post-test if ANOVA P < 0.05. Different letters atop each denote statistical 
significance (P < 0.05). 
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resistant (IC50 = 2.8 µΜ; 95% confidence interval: 2.6 to 2.9 µΜ) to PXD than cells 

untreated with d2C8dhCer (IC50 = 2.0 µM; 95% confidence interval: 1.8 to 2.2 µΜ). 

However, although the difference between the IC50 values was statistically significant, 

the resistance was far away from that exhibited by the original U87MG cells (IC50 = 

215.7 µM). On the other hand, cells treated with d2C8dhCer accumulated differently 

N-acylated dideuterated ceramides. Considering also the amounts of the administered 

compound (C8d2dhCer), total d2dhCer reached around 2000 pmol/106 cells, similarly 

to total dhCer levels found in PXD-treated U87MG cells (around 1400 pmol/106 cells). 

However, the species composition was remarkably different. Thus, long chain dhCer 

(C22:0, C24:0 and C24:1) were by far the most abundant species in PXD-treated 

U87MG cells (Figure 2), while d2C16dhCer is also abundant in U87DND-shC cells 

exposed to PXD + d2C8dhCer for 48 h (Figure S5B). Time treatments of 24 h and 72 h 

did not afford a different d2dhCer profile (data not shown). These results indicate that 

either the change in sensivitity to PXD between U87MG and U87DND-shC cells is due 

to other factors unrelated to dhCer production or that the long chain dhCer species are 

the actual resistance promoting lipids.  

In another approach to assess the relevance of C24:0-dhCer in cytoprotection, 

CerS2, which is involved in the production of this species, was transiently silenced in 

U87MG cells. However, gene knockdown did not result in a modification of sensitivity 

to PXD (data not shown). This result is against long chain dhCer exerting a 

cytoprotective role in PXD-treated U87MG cells. 

 

DISCUSSION 

After the pioneering work by Merrill and co-workers (34), studies involving 

pharmacological inhibitors to reduce Des1 activity (36, 48) or using fibroblasts from a 

DES1 gene knock-out mice (61) have provided further support for a role for dhCer in 

autophagy induction. However, the putative role of dhCer on autophagy outcome is less 

clear. Thus, in the above mentioned studies, Des1 blockade resulted in cell proliferation 

arrest or delay (61–63) and increased resistance to apoptosis caused by diverse stimuli 

(48, 61, 64–66), such as chemotherapeutic drugs (48, 64) and photodynamic therapy 

(65). On the other hand, accumulation of dihydroceramides have been reported to favor 

cell survival in adaptation to hypoxia (62, 67). In contrast to these cytoprotective effects 

of dhCer, a selective increase of C22:0- and C24:0-dihydroceramide has been reported 
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to induce autophagy and mixed cytotoxicity in T-cell acute lymphoblastic leukemia cell 

lines (58). Likewise, accumulation of dihydroceramides have been reported to induce 

cytotoxic autophagy in glioma cells upon THC treatment (32). In an attempt to shade 

some light on the role of dhCer in autophagy activation and outcome (protection or 

death), in this work we analyzed the effect of several Des1 inhibitors with different 

cytotoxicities on autophagy induction and consequence in U87MG and T98G 

glioblastoma cell lines. 

Although the compounds examined in this article had been reported to increase 

dhCer levels (32, 36, 39, 45), their Des1 inhibitory activity had not been examined in 

enzyme-based assays except for CCX (39). All DIPACS used in this study decreased 

Des1 activity in intact cells. Furthermore, in the case of CCX, RV and PXD, the DES1 

gene expression was not modified and inhibitory activity was retained in cell lysates, 

proving that inhibition occurs at the protein level or by interacting with the Des1 

associated electron transport chain (22). This is not the case of γ-TE, which was not 

inhibitory in cell lysates but it reduced Des1 activity in intact cells by decreasing gene 

expression. It is worth noting that higher concentrations were required for CCX to 

inhibit Des1 in cell lysates than in intact cells. This difference in activity between intact 

and lysed cells was also reported for the active site directed inhibitor GT11 in cerebellar 

primary neurons (68) and it can be explained by the in vivo situation that might allow 

for a local subcellular enrichment of the inhibitor at its site of action, the endoplasmic 

reticulum. CCX has been reported to inhibit Des1 in cultured HCT116 cells with an IC50 

value of 79 µM, but the activity in vitro was no examined (39). A higher Des1 

inhibitory potency has been found here in intact T98G cells, since around a 90% 

inhibition was observed with 50 µM CCX.  

In this article we provide further evidence that dhCer participate in the induction of 

the autophagic flux. Thus, we show that autophagy is activated in glioblastoma T98G 

and U87MG cell lines by treatment with RV, PXD, CCX and γ-TE, all of which 

provoke an increase in dhCer levels by decreasing Des1 activity. Similar results were 

found with the Des1 active site directed inhibitor XM462. Furthermore, γ-T, which 

differs from γ-TE by the absence of the double bonds in the isoprenoid chain, does not 

induce autophagy, is unable to promote an increase in dhCers and does not inhibit Des1 

activity. Nevertheless, myriocin pretreatment reduced the compounds-promoted 

increase in dhCer to a much higher extent than it lowered autophagy induction (compare 
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Figures 6B and 6C). Furthermore, the compounds ability to induce autophagy was 

retained in cells with a negligible capacity for ceramide biosynthesis de novo 

(U87DND) and thus poorly able to accumulate dhCer in response to treatments (Figure 

8). These two lines of evidence support that the DIPACS examined in this study are also 

able to stimulate the autophagic flux independently of dhCer generation. 

Regarding the autophagy outcome, inhibition of early steps of the autophagic 

machinery with 3-methyladenine modified the sensitivity of U87MG cells to DIPACS, 

supporting that autophagy induction occurs prior to the observed effects of the test 

compounds on cell viability. Interestingly, dhCer biosynthesis defective cells with a 

decreased ability to undergo autophagy (U87DND-shAtg5) were significantly more 

resistant to RV, PXD and CCX than dhCer biosynthesis defective/autophagy competent 

cells (U87DND-shC). These results support that CCX, PXD and RV-induced 

dhCer-independent autophagy leads cells to exhaustion and death. In contrast, 

sensitivity to γ-TE was similar in both cell lines, suggesting that, in our experimental 

conditions, dhCer-independent autophagy and cell death signalling following γ-TE 

treatment act independently of each other. 

Regarding the putative role of dhCer at promoting cell survival or death, although all 

DIPACS tested in this work induced dhCer accrual, they had different effects on cell 

viability. These differences could be explained invoking the differently N-acylated 

dhCer species produced as response to the various treatments. Interestingly, PXD and 

RV, the less toxic compounds, produced C24:0-dhCer preponderantly, while C16-dhCer 

and C24:1-dhCer were also abundantly increased in treatments with γ-TE and CCX, 

which exhibited higher cytotoxicity than PXD and RV. These findings suggested a 

cytoprotective role for C24:0-dhCer. In agreement, cells with a reduced competence at 

responding to treatments with a rise in dhCer (U87DND) were more sensitive to RV 

(14-fold) and PXD (154-fold) than the de novo Cer synthesis competent U87MG cells, 

while sensitivity to γ-TE (1.2-fold) and CCX (3.2 fold) was less affected. However, 

three lines of evidence argue against a role of C24:0-dhCer at promoting survival. First, 

exposure to an exogenous slowly desaturated deuterated dhCer precursor able to 

undergo transacylation did not result in the expected increased resistance to PXD in the 

de novo ceramide synthesis deficient cells. However, likely because of a defective 

CerS2 expression, C24:0-dhCer was not the preponderant species produced in this 

experiment. Second, silencing CerS2 did not increase the sensitivity of U87MG cells to 
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PXD and RV (data not shown). Third, myriocin pretreatment did not affect the 

sensitivity of U87MG cells to the test compounds despite reducing dhCer levels. 

However, regarding the latter two approaches, we cannot disregard that prolonged 

downregulation of SPT and/or CerS2 (as in U87DND-shC) may provoke the 

upregulating or downregulation of cell death or survival mediators, while the transient 

blockade of SPT and CerS2 would not allow sufficient time to trigger such hypothetical 

long-term adaptive responses. 

 

Figure 9. Hierarchichal clustering heatmap of individual dhCer/Cer ratios in U87MG 
cells after diferent treatments. High and low dhCer/Cer ratios are marked with red or 
green, respectively, and unchanged ratios are in black inside the heatmap, as indicated by 
the colour bar at the left of the Figure. dhCer/Cer species ratios are represented in the 
horizontal axis, and sample groups in the vertical axis. Clustering analysis (n=9 for each 
treatment) identified three main clusters corresponding to the dhCer/Cer ratios for C18 
(cluster 1), C14 and C16 (cluster 2), and C22, C24:0 and C24:1 (cluster 3) N-acyl chains. 
RV and PXD had depleted clusters 1 and 2, while cluster 1 was enriched and cluster 2 was 
unchanged in CCX and γ-TE. CCX was enriched in cluster 3, which is unchanged in RV, 
PXD and γ-TE. 

 

Since dhCer have been reported to counteract the effects of Cer (66), another 

possibility is that cell death or survival is affected not by the actual increase in dhCer 

levels, but by the dhCer/Cer ratios resulting in cells after treatment. Clustering analysis 

of individual dhCer/Cer ratios for the differently N-acylated species (Figure 9) revealed 

that non cytotoxic treatments (RV and PXD) result in lower short chain-dhCer/Cer 

ratios than cytotoxic treatments (γ-TE and CCX), with this difference being especially 

relevant for the C18-dhCer/Cer ratios. In agreement with previous reports supporting 

dissimilar activities of differently acylated dhCer (57, 58) and Cer species (49–56), the 
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difference in short-chain dhCer/Cer ratios may explain the contrasting sensitivity of 

cells to the compounds studied here. Although myriocin pretreatment did not affect the 

sensitivity of U87MG cells to the test compounds despite reducing all dhCer/Cer ratios, 

the hypothetical long-term adaptive response mentioned above can be also invoked 

here. 

In summary, we have provided experimental evidence that in T98G and U87MG 

glioblastoma cell lines, CCX, PXD, RV and γ-TE induce autophagy concomitantly with 

dhCer buildup due to stimulation of Cer synthesis de novo and decreased Des1 activity. 

However, autophagy activation by DIPACS is also induced in the absence of dhCer 

accrual. Although experimental evidence is still lacking, we speculate that the 

autophagy outcome depends on the balance between the two pathways. In the 

dhCer-dependent pathway, considering the literature data and the results found here, it 

appears that the role of dhCer in the autophagy outcome may depend on the selective 

production of differently N-acylated dhCer and Cer species and/or their ratios, as well 

as their local changes at specific subcellular compartments, the cell type, the stressing 

agent, the cellular context and the presence or absence of downstream targets. 

 

MATERIALS AND METHODS 

Materials 

Dulbecco’s Modified Eagle Medium, fetal bovine serum, penicillin/streptomycin, 

sulforhodamine B, BSA, Trypsin-EDTA, RV, γ-T, pepstatin A myriocin and puromycin 

dihydrochloride from Streptomyces alboniger were purchased from Sigma. CCX was 

purchased from Selleckchem. PXD was a kind gift of Marshall Edwards Pty Ltd. (New 

South Wales, Australia). γ-TE was purchased from Cayman Chemical Company. E64D 

was purchased from Enzo. Polyvinylidene difluoride (PVDF) membrane was purchased 

from Roche. ECL Prime Western Blotting Detection Reagent was purchased from GE 

Healthcare. Paraformaldehyde was purchased from Fluka. N-[6-[(7-nitro-2-1,3-

benzoxadiazol-4-yl)amino]hexanoyl]-D-erythro-sphinganine (dhCerC6NBD) (69), N-

octanoyl-D-erythro-[4,4-2H2]sphinganine (d2C8dhCer) (70) and XM462 (69) were 

synthesized in our laboratories. Internal standards for lipidomics were purchased from 

Avanti Polar Lipids. Laemmli buffer and acrylamide were purchased from BioRad, SDS 

from Fluka. Antibodies: anti-LC3 was purchased from Abcam (Western Blot) or MBL 
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(Immunofluorescence microscopy) and β-actin was from Sigma. HRP-secondary 

antibodies (anti-mouse and anti-rabbit) were from GE Healthcare. FITC-secondary 

antibody was purchased from Millipore. 

Cell culture 

Human glioblastoma cell lines T98G and U87MG were cultured at 37°C in 5% CO2 in 

Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum and 

100 ng/mL each of penicillin and streptomycin. U87DND-shC and U87DND-Atg5 cells 

were cultured at 37°C in 5% CO2 in the same medium supplemented with 10% fetal 

bovine serum, 100 ng/mL each of penicillin and streptomycin and 2 µg/mL puromycin.  

Cell viability 

Cell viability was examined in triplicate samples by the sulphorhodamine B assay. Cells 

were seeded in 96 well plates at a density of 1 x 105 cells / mL and then subjected to 

various treatments for 24 or 48 h. At the end of the treatments, cells were fixed with ice-

cold trichloroacetic acid for 1 h at 4 °C. After washing the plates in distilled water, 

sulphorhodamine B solution was added to each well and staining was allowed at room 

temperature for 30 min. To remove unbound dye, plates were washed with 1% v/v 

acetic acid. Sulphorhodamine B was solubilised by adding 10 mM Tris base to each 

well and shaking for 5 min on a shaker platform. Absorbance was measured at 564 nm. 

Desaturase activity 

To determine the compounds activity on Des1 in intact cells, cells were seeded in 6 well 

plates at a density of 1x105 cells/mL. Twenty-four h after seeding, the medium was 

replaced with fresh complete medium containing CCX, PXD, RV, γ-T, γ-TE or XM462, 

which was used as a positive control. After incubation at 37 °C for 20 h, dhCerC6NBD 

(substrate) was added to the medium and incubated for an additional 4 h. The media 

was then collected, cells were washed with PBS (400 µL/well) and the washing solution 

was combined with the collected media. Cells were detached by trypsinization (400 

µL/well Trypsin-EDTA), 600 µL of medium was then added to the cell suspension and 

the solution was transferred to an eppendorf tube. One mL of MeOH was added to each 

tube (medium and cell suspension) and the mixture was vortexed and kept at 4 °C 

overnight. After centrifugation (10000 rpm for 3 min), the supernatants were transferred 

to HPLC vials and either 25 µL (media) or 100 µL (cells) were injected in to HPLC. 
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Analyses were performed with an Alliance apparatus coupled to a fluorescence detector 

using a C18 reversed-phase column eluted with 15% H2O and 85% acetonitrile, both 

with a 0.1% trifluoroacetic acid, flowing at 1 mL/min. The detector was set at an 

excitation wavelength of 470 nm and the emission wavelength at 530 nm. Each sample 

was run for up to 15 min. 

Western blotting 

For LC3-II protein analysis 1x105 cells were plated in 6 well plates and were allowed to 

adhere for 24 h. Cells were preincubated with proteases inhibitors (E64D, 10 µg/mL and 

pepstatin A, 5 µg/mL). After 2 h cells were treated for 24 h with CCX, PXD, RV, γ-T, 

γ-TE and XM462 or EtOH as control. Cells were directly lysed in Laemli sample buffer 

and boiled for 5 min. Samples were loaded onto a 12% polyacrylamide gel, separated 

by electrophoresis at 140 V/1 h and transferred onto a PVDF membrane (100 V/1 h). 

Unspecific binding sites were then blocked with 5% milk in TBST (LC3) or 3% BSA in 

TBST (Actin). Anti-LC3 antibody was diluted 1:1000 in 5% milk in TBST. Anti-Actin 

antibody was diluted 1:2000 in 3% BSA in TBST. Membranes were incubated 

overnight at 4 °C under gentle agitation. After washing with TBST, membranes were 

probed with the correspondent secondary antibody for 1 h at room temperature (LC3: 

anti-rabbit, diluted 1:1000 in 3% BSA in TBST; Actin: anti-mouse, diluted 1:10000 in 

5% milk in TBST). Antibody excess was eliminated by washing with TBST and protein 

detection was carried out using ECL and membrane scanning with LI-COR C-DiGit ® 

Blot Scanner. Band intensities were quantified by LI-COR Image Studio Lite Software. 

Lipid analysis 

Cells were seeded at 1x105 cells/mL into 6 well plates (1 mL/well) and were allowed to 

adhere for 24 h. Medium was replaced with fresh medium containing CCX, PXD, RV, 

γ-T, γ-TE and XM462 or EtOH as control. After 24 h, medium was removed; cells were 

washed with 400 µL PBS and harvested with 400 µL Trypsin-EDTA and 600 µL of 

medium. Sphingolipid extracts, fortified with internal standards 

(N-dodecanoylsphingosine, N-dodecanoylglucosylsphingosine, 

N-dodecanoylsphingosylphosphorylcoline and C17-sphinganine 0.2 nmol each) were 

prepared and analysed by UPLC-TOF MS as reported (69). 
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The dhCer/Cer ratios for the different N-acyl species were evaluated by performing one 

hierarchical cluster analysis (HCA) with headmapping display, which allowed 

examining dhCer/Cer ratios similarly affected by each treatment. MATLAB 8.6.0 

R2015b (The MathWorks, Inc., Natick, MA, USA) was used as the development 

platform for data analysis and visualization. 

Immunofluorescence 

Cells were grown on coverslips in 6 well plates at a density of 1x105 cells/mL and 

allowed to attach. Medium was replaced with fresh medium containing CCX, PXD, RV, 

γ-T, γ-TE and XM462 at the desired concentration, or EtOH as control. After 24 h cells 

were washed with PBS and fixed in 4% paraformaldehyde for 20 min at room 

temperature. After washing the cells with PBS, aldehydes were quenched with 50 mM 

NH4Cl in PBS for 10 min. Cells were washed again with PBS and permeabilized and 

blocked with 3% BSA, 0.1% Triton X-100 in PBS for 30 min at room temperature. 

After washing with PBS, cells were incubated with 40 µg/mL anti-LC3 antibody in PBS 

overnight at 4°C. Following incubation, cells were washed and treated with FITC-

conjugated secondary antibody diluted 1:100 in PBS for 1.5 h at room temperature. 

Punctate pattern of LC3 was visualized under a fluorescence microscope at 60X 

objective magnification. At least 50 green cells per well were counted, and the 

percentage of cells that had at least 5 clear green dots in the cytosol was determined. 

qPCR 

Total RNA was isolated from cells using RNeasy® Mini Kit from QIAGEN protocol. 

RNA concentration was measured by spectrophotometric absorption at 260 nm in a 

NanoDrop ND-8000 Spectrophotometer. RNA was treated with DNAse I to remove 

genomic DNA contamination. Quantities from 1 µg to 100 ng of DNAse I-treated RNA 

were retrotranscribed to cDNA using Superscript® II Reverse Transcriptase from 

Invitrogen and stored at -20 ºC. cDNA preparations were used to quantify specific 

transcripts in a LightCycler® 480 Real Time PCR System, using SYBR®Green Mix 

(Roche, Germany) and the following pairs of primers: Des1 (F, 5’-

CTATGCGTTTGGCAGTTGCA-3’, and R, 5’-CAGTTGCCAAAGGCAGCATT-3’), 

CerS2 (F, 5’-AGATCATCCACCATGTGGCC-3’, and R, 5’-

TGATTAGAGTCCCAGCTCGGA-3’), CerS5 (F, 5’-

AGGGCCACTGGCAACATACT-3’, and R, 5’-ACTCCTCAGTGCCTTGCAGTC-3’), 
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CerS6 (F, 5’-TGGTTTTTATCACCACACGACTG-3’, and R, 5’-

CAACGATCTCCCAGCTTTCAA-3’), SPTLC1 (F, 5’-

CAGAACCTCTTGTTCCTCCTGTC-3’, and R, 5’-TTTTGTGGCTTGGAGGGC-3’), 

SPTLC2 (F, 5’-TGGAGTGTGCAGTACTCGGC-3’, and R, 5’-

TTGCTACAAGCTCCTCTAGTTCTTCAT-3’) and GAPDH (F, 5’-

ACCATCTTCCAGGAGCGAGA-3’, and R, 5’-GATGGCATGGACTGTGGTCA-3’). 

For all genes, the initial PCR steps were: 10 min at 95 °C, followed by 45 cycles of a 10 

s melting at 95 °C and a 30 s annealing/extension at 60 °C. The final step was 1 min 

incubation at 60 °C. All reactions were performed in triplicate. Relative mRNA 

abundances of the different genes were calculated from the second derivative maximum 

of their respective amplification curves (Cp, calculated in duplicates). Cp values for 

target genes (Tg) were compared to the corresponding values for the GAPDH reference 

gene to obtain the ΔCp values (ΔCp = CpGAPDH – CpTg). 
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SUPPLEMENTARY FIGURES	

	

	

	

Figure S1. Effect of compounds on sphingolipid levels in T98 cells. Cells were incubated 

with the compouns at γ-T, 50 µM; γ-TE, 35 µM; XM462, 100 µM; RV, 100 µM; PXD, 50 

µM and CCX, 50 µM for 24 h. Lipids analysis was carried out by LC/MS. A, total 

sphingolipids. B, dhCer species. Data were obtained from 4 experiments with triplicates. 

Data corresponding to each sphingolipid family were analyzed by one way ANOVA 

followed by Dunnett's Multiple Comparison post-test if ANOVA P < 0.05 (*, P < 0.05 from 

vehicle-treated cells). 
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Figure S2. Effect of the test compounds on the autophagic flux in T98 cells. Cells were 

treated with CCX (50 µM), PXD (50 µM), RV (100 µM), γ-T (50 µM), γ-TE (35 µM) and 

XM462 (100 µM) for 24 h with or without a preincubation of 2 h with protease inhibitors 

(PI) (E64D and Pepstatin A). A, Western blot images corresponding to one representative 

experiment. The numbers below the actin bands correspond to the quotients of the 

LC3-II/β-actin ratios over vehicle treated cells (mean, n=5). B, Histograms showing the 

relative fold-changes of LC3-II/Actin over control (EtOH). Data are the average ± SD of 

five individual experiments and were analyzed by one way ANOVA following by 

Bonferroni’s multiple comparison post-test if ANOVA P < 0.05. Different letters atop each 

denote statistical significance (P < 0.05). 
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Figure S3. Autophagy induction by the test compounds in T98 cells. Representative 

images showing an accumulation of immunostained LC3-II puncta after treatment with 

CCX (50 µM), PXD (50 µM), RV (100 µM), γ-T (50 µM), γ-TE (25 µM) and XM462 (50 

µM) for 24 h. Ethanol was used as control and XM462 (100 µM) was used as a positive 

control. Magnification, ×60. Scaled bar: 10 µm. The percentage of cells with more than five 

defined cytosolic green dots is depicted in the histogram. *P ≤ 0.01, **P < 0.001 (one way 

ANOVA following by Bonferroni’s multiple comparison post-test if ANOVA P < 0.05). 
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Figure S4. Effect of myriocin on the activity of the test compounds in T98 cells. Cells were treated 

with CCX (100 µM), PXD (100 µM), RV (100 µM), γ-T (50 µM), γ-TE (35 µM) and XM462 (100 µM) 

for 24 h after a 24 h preincubation with myriocin (Myr) (5 µM) or vehicle and a subsequent 2 h treatment 

with PI or vehicle. Cells were then collected and processed for either Western blot (A,B) or lipid analysis 

(C). A, Western blot images corresponding to one representative experiment. B. Fold-changes of LC3-

II/Actin ratios over control (EtOH). C. Amounts of total dhCer analyzed by LC/MS. Data are the average 

± SD of three experiments with triplicates. Statistical analysis was carried out by one way ANOVA 

following by Bonferroni’s multiple comparison post-test if ANOVA P < 0.05. Different letters atop each 

denote statistical significance (P < 0.05). 
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Figure S5. Correlation between the effect of d2C8dhCer on PXD cytotoxicity and dhCer levels. 

U87DND shC cells were treated with PXD in the absence (vehicle) or presence of d2C8dhCer for 24 h. A 

new addition of d2C8dhCer was performed and cells were grown for 24 h additional hours. Then cell 

viability was measured by sulphorhodamine B (A) or lipid analysis was carried out by UPLC-TOF MS of 

lipid extracts (B). Data represent the mean ± SD of two experiments with triplicates. In A, curve 

adjustment with the four parameter logistic equation with variable slope afforded IC50 values of 2.0 µM 

(95% confidence interval: 1.8 to 2.2 µΜ) (vehicle) and 2.8 µM (95% confidence interval: 2.6 to 2.9 µΜ) 

(d2C8dhCer). These values are statistically significant by comparison of fits (P<0.0001; F (DFn, DFd) 

22.94 (1.50)). 
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INTRODUCTION 

 

The lysosomal acid ceramidase (AC) hydrolyzes ceramide into a sphingoid base and a 

fatty acid. This ubiquitously expressed enzyme was first described by Gatt in rat brain1 

and later purified to apparent homogeneity from human urine2 and placenta3. AC is a 

heterodimeric glycoprotein with a molecular weight of ~50 kDa. Under reducing 

conditions, AC dissociates into two disulfide bond-linked subunits: a non-glycosylated 

13 kDa α subunit and a glycosylated 40 kDa β subunit. The biosynthesis of AC starts 

with the expression of a single precursor polypeptide of approximately 53-55 kDa. This 

polypeptide, which contains an N-terminal signal-peptide sequence, is subsequently 

processed to the mature, heterodimeric enzyme in the endosomes/lysosomes. Both 

lysosomal targeting and endocytosis are critically dependent on a functional mannose 

6-phosphate receptor4. Mechanistically, AC belongs to the N-terminal nucleophile (Ntn) 

hydrolase family. These enzymes, which are characterized by their ability to cleave 

nonpeptide amide bonds, have the common feature of having an active site-terminal 

nucleophile. In AC, the nucleophilic thiol of Cys-143 is exposed at the N-terminus of 

the β subunit after autoproteolytic cleavage of the precursor protein5. The degradation of 

ceramide by AC has been shown to require the presence of both saposins (saposin D) 

and negatively charged lysosomal lipids such as bis(monoacylglycero)phosphate6. 

From the pathological perspective, overexpression of AC has been reported in some 

cancers7–9 and Alzheimer’s disease brain10,11. On the other hand, genetic deficiency in 

AC activity results in two very rare autosomal recessive disorders: Farber disease (FD) 

(OMIM 228000) and spinal muscular atrophy with progressive myoclonic epilepsy 

(SMAPME) (OMIM 159950)12–17, both showing accumulation of lysosomal ceramide. 

To date, at least 20 different Farber disease-linked mutations have been described in the 

acid ceramidase ASAH1 gene. Currently, therapy for FD is mainly palliative and 

severely affected patients die at an early age. Although bone marrow or hematopoietic 

stem cell transplantation has been reported to relieve some symptons18, neurologic 

issues and patient longevity remained unaffected. Some efforts have been initiated to 

develop gene therapy for FD19. Moreover, based on experience with other lysosomal 

storage diseases, enzyme replacement therapy is expected to emerge as a therapeutic 

strategy. On the other hand, in other sphingolipid storage disorders (i.e. Gaucher and 

Fabry diseases), the so-called pharmacological chaperone therapy has received 
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considerable attention. This approach is based on the fact that some mutant forms of 

lysosomal enzymes are defectively folded and remain in the endoplasmic reticulum, 

ultimately being degraded by the endoplasmic reticulum–associated degradation 

(ERAD)20.  

The capability of small compounds to act as chemical chaperones, increasing the 

amounts of active enzyme by stabilizing and/or promoting its correct folding and further 

trafficking to the lysosome, has been investigated in several sphingolipidoses21–23. 

However, this approach has not been examined in Farber disease. To assess the 

beneficial effects on the amount and lysosomal localization of mutant enzyme forms in 

cultured cells, a suitable method for specific visualization of active enzyme in 

intracellular compartments is crucial. Immunocytochemistry is not appropriate as both 

active and inactive forms of AC are detected by antibodies. Activity-based probes have 

proved useful to visualize active enzymes24–26. Thus, in an outstanding work by the 

Overkleeft and Aerts groups, a boron dipyrromethene (BODIPY)-substituted 

cyclophellitol analog was shown to provide a highly efficient labeling of 

glucocerebrosidase in Gaucher fibroblasts27. 

This work was undertaken to teste a novel AC activity-based probe of utility in the 

detection of active AC. A few irreversible AC inhibitors have been reported, including 

SABRAC28, a rosamine compound containing a chloroacetamide moiety29, carmofur30 

and benzoxazolone carboxamides31. While SABRAC was designed after described 

reactive units present in irreversible cysteine proteases, the other compounds were 

identified in library screening. A fluorescent analog of carmofur has been recently 

reported as an AC activity-based probe for AC detection in Gaucher cells lysates32. In 

this article we report on the activity of two SABRAC-based probes: a BODIPY-labeled 

analog (Bodipy-SOBRAC) and a clickable azido-substituted analog (N3C14SOBRAC) 

for further click derivatization with fluorescent alkynes. Both compounds were effective 

at detecting AC in cell lysates and preliminary data in cells are promising. 
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Figure 1. Chemical structures of AC inhibitors. 
 

RESULTS 

 

AC is inhibited by different 2-haloacetamides 

We previously reported on the activity of AC inhibitors with potencies in the low 

micromolar range28. Since AC is a cysteine hydrolase, these presumably irreversible 

inhibitors were ceramide analogs modified at the amide function with thiol reactive 

units. The sphingolipid scaffold was maintained to ensure specificity in front of other 

cysteine amidases. SABRAC (Figure 1) was found to be the most potent inhibitor, 

exhibiting an IC50 value of 52 nM in AC overexpressing cells lysates28. In this work, a 

similar IC50 value has been found for SABRAC using rhAC. In the light of the potent 

activity of SABRAC, other 2-haloacetamides, namely SOBRAC, cis-SOBRAC, 

SACLAC and SOCLAC (Figure 1) have been studied in this work. SOBRAC turned out 

to be a more potent inhibitor (IC50 = 15.9 nM) than the saturated analog SABRAC. As 

for the chlorinated derivatives, while SOCLAC was less potent (IC50 = 25.9 nM) than 

SOBRAC, SACLAC (IC50 = 46.7 nM) exhibited a similar potency than SABRAC 

(Figure 2). Finally, Z-SOBRAC was around 4 times less potent (IC50 = 60.4 nM) than 

SOBRAC, the bromo derivative with the natural double bond geometry. Since 

SOBRAC was the most potent inhibitor, probes for AC detection derived from 

SOBRAC were synthesized, namely N3C14SOBRAC and Bodipy-SOBRAC. As shown 

in Figure 2, both compounds inhibited AC and N3C14SOBRAC was the most potent 

inhibitor (IC50 = 3.3 nM) of all compounds while the introduction of the bulky Bodipy 

group in SOBRAC decreased slightly the AC inhibitory potency (IC50 = 19.5 nM). 
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Figure 2. Inhibition of AC by 2-haloacetamides. (A) Dose-response curve for SABRAC 
determined in rhAC (100 ng of protein). (B) Dose-response curves for other inhibitors 
determined in AC-overexpressing A375 cell lysates. Data are expressed as mean ± SD of 
three independent experiments with triplicates. Curve adjustments with the four parameter 
logistic equation afforded the following IC50 values (95% confidence intervals): SABRAC, 
66.5 nM (58.0 to 76.2 nM); SOBRAC, 15.9 nM (13.9 to 17.3 nM); N3C14SOBRAC, 3.3 
nM (3.1 to 3.6 nM); Bodipy-SOBRAC, 19.5 nM (16.8 to 22.7 nM); cis-SOBRAC, 60.4 nM 
(56.4 to 64.7 nM); SOCLAC, 25.9 nM (23.8 to 28.3 nM) and SACLAC, 46.7 nM (42.2 to 
51.8 nM). Chemical structures of inhibitors are given in Figure 1. 

 

Mass spectrometry analysis of AC-adducts 

Previous time course studies supported that SABRAC acts as an irreversible inhibitor of 

AC28. Irreversibility of inhibition has been confirmed in this work by mass 

spectrometry. SABRAC and its analogs were expected to form adducts with the 

catalytic Cys-143 by displacement of the halogen atom by the Cys thiolate function. 

This hypothesis has been confirmed here by mass spectrometry analysis of the peptides 

resulting from trypsin digestion of rhAC exposed to the inhibitors. As shown in Figure 

3, the presence in the extracts of the expected lipid modified-CTSIVAEDK peptide after 

treatment with each inhibitor (Figure 3, SABRAC, red trace; SOBRAC, green trace and 

N3C14SOBRAC, blue trace) and the absence of these peptides in control incubations, 

which showed only the native unmodified peptide (Figure 3, black trace) supported that 

ceramide analogs with the 2-bromoacetyl unit at the amide linkage might be useful as 

AC activity-based probes. 
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Figure 3. Covalent modification of acid ceramidase Cys-143 by SABRAC, SOBRAC 
and N3C14SOBRAC. (A) Structure of the modified Cys-143 containing tryptic peptides 
showing the expected exact masses for mono-charged and doubly-charged peptides. (B) 
Extracted-ion chromatograms of doubly-charged (top) and mono-charged native peptide 
from a control incubation with ethanol (CTSIVAEDK. m/z: 965.4614 and 483.23, black 
trace) and the same peptide covalently modified by SABRAC (m/z: 1306.7544 and 
653.881, red trace), SOBRAC (m/z: 1304.7388 and 652.8733, green trace) and 
N3C14SOBRAC (m/z: 1289.6775 and 645.3427, blue trace). Numbers between parentheses 
correspond to the peak area. 

 

In gel detection of AC with Bodipy-SOBRAC 

AC labeling with Bodipy-SOBRAC was first investigated. Using lysates from 

AC-overexpressing A375 cells, time course experiments showed that AC detection 

occurred after only 5 min of reaction with the probe and that increasing the incubation 

time did not augment the band intensity, but led to augmented unspecific labeling 

(Figure 4A). Likewise, labeling improvement was not achieved by increasing the probe 

concentration (Figure 4B). Importantly, the band corresponding to the AC-lipid adduct 

was not detected when lysates were preincubated with SOBRAC (0.1 µM, 5 min) 

(Figure 4C) and in lysates from A375 cells not overexpressing the enzyme (cells not 
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induced with doxycycline). In the latter case, detection correlated with AC activity 

(Figure S2). These results demonstrate that AC labeling by the analog is specific.  

 

	

Figure 4. In vitro labeling of acid ceramidase with Bodipy-SOBRAC. Cell lysates were 
incubated with the indicated concentrations of Bodipy-SOBRAC (probe) for the specified 
times and the reaction mixtures were resolved on 12.5% SDS-PAGE before in-gel 
fluorescence analysis. In (A), probe concentration was 0.5 µM. In (B), incubation time was 
5 min. In (C), lysates were preincubated for 5 min with 0.1 µM SOBRAC (competitor) 
followed by 5 min incubation with 0.5 µM probe. In (D), probe concentration was 0.5 µM 
and incubation time was 5 min. In (E), lysates were preincubated for 5 min with the 
specified concentrations of SOBRAC (competitor) followed by 5 min incubation with 0.5 
µM probe. Protein extracts were from: A-C, A375 cells induced (Dox +) or not (Dox -) to 
overexpress AC; D-E, Farber cells (FD) or the same cells transduced to overexpress AC 
(FD/AC). Images correspond to representative experiments repeated at least three times. 

 

The Bodipy-SOBRAC labeling method was applied to detect AC in homozygous Farber 

fibroblasts FD1. FD1 is an extremely severe phenotype that do not produce either 

precursor or proteolytically processed mature protein33. As shown in Figure 4D, no 

band corresponding to labeled AC was detected in FD1, while fluorescently labeled AC 

was visualized in the same cell line transduced to overexpress AC. These results 

correlated with AC activity (Figure S2). Specificity of binding was demonstrated in 

competition experiments with SOBRAC, which showed that AC labeling decreased 

dose dependently after preincubation with different competitor concentrations.  
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SPACC-based in-gel AC detection 

As a complementary approach, SPACC-based AC detection was attempted using 

N3C14SOBRAC and DBCO-PEG5/6-TAMRA as alkyne partner. Preliminary 

experiments using N3C14SOBRAC (5-10 µM, 30 min) and DBCO-PEG5/6-TAMRA 

(25-50 µM, 1 h) resulted in a complex mixture of labeled proteins in which AC was not 

detected. To confirm that the click reaction occurred, experiments were carried out with 

rhAC. As shown in Figure 5A, in-gel fluorescence analysis showed the presence of a 

band at the expected molecular weight for the beta-subunit (ca 40 kDa). The same band 

mobility was observed when AC was detected by Western blot. Specificity of the 

click-based detection was demonstrated by competition with N-acetylsphingosine 

(C2Cer), which reduced the band intensity corresponding to the AC-probe adduct in a 

concentration-dependent manner.  

 

After showing that AC detection with pure enzyme was successful, AC labeling in cell 

lysates was reattempted in the melanoma cell lines. We found that AC was already 

observed by short time incubations of cell lysates with low concentrations of both 

N3C14SOBRAC (0.5 µM/5 min) and DBCO-PEG5/6-TAMRA (0.5 µM/10 min) 

(Figure 5B), although a better detection was achieved with 2.5 µM of DBCO-PEG5/6-

TAMRA. Increasing the incubation time with DBCO-PEG5/6-TAMRA resulted in 

increased background at both concentrations. Importantly, the AC band was not present 

in lysates from cells not overexpressing AC (not treated with doxycyclin) (Figure 5B, 

Lanes 1, 3, 5 and 7), which also exhibited a much lower activity than AC 

overexpressing cells (Figure S2). In agreement with reports showing that thiol-yne 

addition with reduced peptidylcysteines is responsible for most of the azide-independent 

polypeptide labeling and that undesired thiol-yne reactions can be prevented by 

alkylating peptidylcysteine thiols with iodoacetamide (IAA)34, we found that addition of 

IAA prior to incubation with DBCO-PEG5/6-TAMRA reduced the unspecific labeling 

(Figure 5C). Specificity of binding was shown by competition of N3C14SOBRAC with 

SOBRAC. As shown in Figure 5D, the band corresponding to AC was no longer 

detected when lysates were preincubated with SOBRAC prior to N3C14SOBRAC 

exposure. 
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Use of probes in cells 

In situ AC labeling was attempted in AC-overexpressing A375 melanoma cells. As 

shown in Figure 6, intracellular compartment staining was observed upon cell treatment 

 
Figure 5. SPAAC-based AC labeling. A. Recombinant purified human AC (5 µg) was 
allowed to react with 100 µM N3C14SOBRAC in the presence of different concentrations 
of C2Cer (0, 20, 50, 100 and 200 µM) and then the adducts were reacted with DBCO-
PEG5/6-TAMRA (500 µM). B. Cells lysates of A375 cells overexpressing (Dox +) or not 
(Dox -) AC were incubated with 0.5 µM N3C14SOBRAC for 5 min at 37 °C and DBCO-
PEG5/6-TAMRA (DBCO) was added at the specified concentrations and incubated for the 
given times at 37 °C. C. Same as in B, but IAA (15 mM final concentration) was added and 
incubated for 5 min at 37 °C prior to incubation (10 min/37 °C) with DBCO (0.5, 2.5, 5 and 
10 µM). D. Same as in C, but cell lysates were preincubated or not with 0.1 µM SOBRAC 
for 5 min at 37 °C prior to addition of N3C14SOBRAC. In all cases, the reaction mixtures 
were resolved on 12.5% SDS-PAGE and in-gel fluorescence analysis was carried out as 
detailed in the experimental section. In A, a sample of recombinant purified human AC (5 
µg) was loaded in a parallel lane and submitted to Western blot analysis. 

 

with Bodipy-SOBRAC (1 µM) for only 5 min. Co-localization with lysotracker 

indicated that Bodipy-SOBRAC was contained in the lysosome, in agreement with the 
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lysosomal location of AC, the probe target. Importantly, no labeling occurred after cell 

exposure to SOBRAC (1 µM/5 min), supporting the specificity of binding.  

 

	

	

Figure 6. In situ AC labeling. Confocal laser microscope images of: A, AC-
overexpressing A375 subsequently incubated with Lysotracker (75 nM/55 min) and 
Bodipy-Sobrac (1 µM/5 min) and B, AC-overexpressing A375 treated with Sobrac (1 
µM/5 min) prior addition of Bodipy-Sobrac. 
 

 

DISCUSSION  

 

In order to better understand the precise cell (or tissue) distribution of active AC, the 

availability of methods of protein visualization in situ would be of great benefit. Such 

methods would help to gain insight into the pathogenesis of disorders associated to 

altered AC activity. These diseases include conditions of high socio-economic 

relevance, such as cancer and Alzheimer, and rare inherited diseases such as FD and 

SMAPME. The two latter have no cure beyond palliative care and the availability of 

therapeutic strategies is an unmet medical need. Chaperone therapy is one such possible 

strategy. As mentioned in the Introduction, this approach is based on the capability of 

small compounds to increase the amounts of active enzyme by stabilizing and/or 

promoting its correct folding, thus escaping degradation by the ERAD system and 
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facilitating trafficking to the lysosome. Although this strategy has been investigated in 

several sphingolipidoses21–23, similar studies in FD have not been conducted. Besides 

measurement of AC activity, enzyme trafficking to the lysosome is an important 

parameter to be investigated to critically evaluate the chaperone performance. The 

detection of AC is currently performed by Western blot and immunocytochemistry 

techniques, all of them relying on the use of antibodies, which do not discriminate 

between active and inactive enzyme and cannot label the enzyme in intact cells. The use 

of activity-based probes (ABP) would circumvent these problems. Two ABP have been 

so far reported: CDy5 and a bodipy-labeled carmofur derivative. CDy5 was discovered 

to react with AC by high content screening of a diversity oriented fluorescence library 

and proved useful to disclose that AC is one of the important molecules highly 

expressed to render the neural stem/progenitor cells more proliferative in the early stage 

of neurosphere formation. On the other hand, a bodipy-labeled carmofur derivative was 

found useful to show that AC activity is considerably higher in Gaucher disease patients 

compared to tissues from healthy individuals. However, although both ABP detected 

active AC in cell lysates, none was used in cells to monitor AC intracellular 

distribution. From the structural point of view, CDy5 contains and 2-choloacetamide 

unit linked to rosamine through a short spacer and lacks any structural resemblance to 

the sphingoid scaffold, which suggests that this compound may be active in a wide 

range of cysteine amidases. Likewise, the carmofur derivative may also block enzymes 

other than AC. Thus, fluorouracil is metabolised to an irreversible inhibitor of 

thymidylate synthase35. 

In this article we report on novel ABP for AC, both arising from the previously reported 

AC irreversible inhibitor SABRAC, a simple dihydroceramide analog in which the N-

acyl group has been replaced by 2-halooacetate unit. The presence of the sphingoid base 

scaffold is expected to provide selectivity towards enzymes of sphingolipid metabolism, 

of which only AC is a cysteine amidase, although other targets cannot be disregarded. 

From the structural point of view, both AC inhibition by bromo and chloroacetamides 

occurred with similar potencies. However, replacing the C18 sphingoid base chain by a 

C14N3 fragment provoked an increase in AC inhibitory potency, lowering the IC50 

value to a one digit nM concentration. LC/MS analysis of tryptic peptides from purified 

recombinant human AC after reaction or not with different bromoacetamides confirmed 

that inhibition is irreversible, sustaining their interest as ABP. 
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Both Bodipy-SOBRAC and N3C14SOBRAC were useful for in-gel AC detection at 

submicromolar concentrations and short incubation times. Both compounds detected 

AC in cell lysates with similar outcomes. Importantly, the labeling was avoided with 

SOBRAC or C2Cer and did not occur after protein denaturation, showing that AC is the 

target enzyme and its correct folding is a labeling requirement (as it is for activity). 

Although N3C14SOBRAC is 6 times more potent than Bodipy-SOBRAC at inhibiting 

AC, the use of Bodipy-SOBRAC is more straightforward than the 

N3C14SOBRAC/click-chemistry based labeling method and was used in the cell 

labeling experiments. This avoids the need of using fluorescent DBCO, which has been 

reported to produce high backgrounds unless the thiol grous are blocked prior to the 

cycloaddition reaction. Furthermore, it allows the labeling of intracellular compartments 

in intact cells, while CuACC-based approaches require cell fixation. As intended, AC 

was successfully labeled by Bodipy-SOBRAC and labeling co-localized mainly with 

lysosomes. The findings that SOBRAC competed for binding, support that lysosome 

labeling by Bodipy-SOBRAC is due to covalent reaction with AC. Although to a minor 

extent, other compartments were also labeled with Bodipy-SOBRAC, which is not 

unexpected considering that the probe is a ceramide analog susceptible to be modified at 

the C1 hydroxy group to give the sphingomyelin and glycosylceramide analogs. In fact, 

these metabolites were detected by mass spectrometry analysis of cells extracts after the 

probe treatment (data not shown).  

One tentative area of application of the fluorescent probes may be in diagnosis of FD. 

Although the fluorogenic assay is more convenient for diagnostic purposes in cell 

lysates, ABP are preferable in intact cells. This is because the AC fluorogenic substrates 

are also hydrolyzed by neutral ceramidase and alkaline ceramidase 3, while the ABP is 

specific for AC. Another area of application for the AC fluorescent probes may be in 

the analysis of compounds for their possible chaperone effects in the determination of 

lysosomal trafficking of the correctly folded enzyme. Furthermore, ABP can also be 

used to monitor the correct localization of recombinant AC in gene and enzyme 

replacement therapy. Overall, the reported AC ABP constitute very versatile research 

tools to visualize active AC in a sensitive and specific way. These probes may be not 

only relevant for FD but also for SMAPME.  
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MATERIALS AND METHODS 

 

Materials 

Dulbecco’s Modified Eagle Medium, fetal bovine serum, penicillin/streptomycin, 

Trypsin-EDTA were purchased from Sigma. Polyvinylidene difluoride (PVDF) 

membrane was purchased from Roche. ECL Prime Western Blotting Detection Reagent 

was purchased from GE Healthcare. Laemmli buffer and acrylamide were purchased 

from BioRad, SDS from Fluka. Antibodies: anti-AC primary antibody was from 

ORIGENE (reference TA306621) and anti-rabbit IgG secondary antibody was from GE 

Healthcare (reference NA934V). Recombinant AC was produced and provided by 

Plexcera Therapeutics 

 

Cell culture 

The A375 cell line stably overexpressing ASAH1 under the control of a 

tetracycline/doxycycline-responsive promoter was kindly provided by Dr. Carmen 

Bedia36. The antibiotic selection of this cell line was performed with blasticidin (3 

µg/ml) and hygromycin B (250 µg/ml). Ectopic expression of AC was induced with 

doxycycline at 1 µg/ml for 24 h before use. Farber disease cells were kindly provided by 

Prof. Thierry Levade. All cells were grown in a humidified 5% CO2 atmosphere at 

37°C in DMEM medium supplemented with 10% fetal bovine serum and 100 ng/ml 

each of penicillin and streptomycin. 

 

Cell lysis and protein determination 

Cells (confluent cell culture flask 25 cm2) were suspended in 0.25 M sucrose, sonicated 

with a 3 mm probe (3 cycles of 5 sec/9 W on ice) and centrifuged at 2300 g for 5 min. 

Supernatants were collected and protein concentration was measured with bicinchoninic 

acid based protein assay. 

 

AC activity 

AC activity was measured using a fluorogenic substate as reported37. 

 

Mass spectrometry analysis of AC-adducts 

Recombinant purified human AC (50 µg) was incubated with DTT (3 mM in 100 mM 

acetate buffer, pH 4.5; 100 µL final volume) for 1 h at 37 °C. Then either EtOH 
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(control) or 100 µM inhibitor (SABRAC, SOBRAC or N3C14SOBRAC; 10 µL from 1 

mM stocks in ethanol), were added and the mixture was incubated for 20 min at 37 °C. 

After incubation, the reaction was stopped by adding 80 µL of cold (4 °C) acetone. The 

tubes were vortexed and centrifuged at 5000 g for 10 min at 4 °C. The supernatant was 

then discarded and the resulting pellet was carefully dried under a nitrogen stream and 

resuspended in 50 µL of 50 mM (NH4)2CO3 pH 8 for tryspin digestion. Proteomic grade 

trypsin was then added in 1:50 w/w ratio with the protein. After an overnight incubation 

at 37 °C, the sample was added acetonitrile:water 1:1  and the resulting peptides were 

analyzed on a Waters Aquity UPLC system connected to a Waters LCT Premier 

Orthogonal Accelerated Time of Flight Mass Spectrometer (Waters, Millford, MA), 

operated in positive electrospray ionization mode. Full scan spectra from 50 to 1500 Da 

were obtained. Mass accuracy and reproducibility were maintained by using an 

independent reference spray via LockSpray. A 100 mm x 2.1 mm id, 1.7 mm C8 

Acquity UPLC BEH (Waters) analytical column was used. The two mobile phases were 

acetonitrile (phase A) and water (phase B), both phases with 0.1% of formic acid. The 

gradients was: 0 min, 95% A; 11 min, 100% A; 12 min, 95% A. In both cases, the flow 

rate was 0.3 ml/min. The column was run at 30 ºC. Positive identification of compounds 

will be based on the accurate mass measurement with an error <5 ppm and its LC 

retention time. 

 

AC labeling with Bodipy-SOBRAC 

Cell lysates (25 µg protein) were diluted in assay buffer (100 mM sodium acetate, 150 

mM NaCl, 0.1% Igepal, 3 mM DTT, pH = 4.5, 25 µL) and exposed to the indicated 

concentration of Bodipy-SOBRAC for 5 min at 37 °C while shaking. In competition 

experiments, samples were preincubated for 5 min at 37 °C with SOBRAC (0.1 µM 

final concentration). The reaction mixtures were then quenched with 6.25 µL of 4 × 

Laemmli’s buffer and proteins were resolved on 12.5% SDS-PAGE. In-gel visualization 

of the fluorescent bands was performed in the wet gel slabs using a typhoon instrument 

with the Cy2/TAMRA settings (excitation wavelength 488 nm, emission wavelength 

520nm). 
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SPAAC-based labeling of recombinant purified human AC 

Recombinant purified human AC (5 µg) was incubated with N3C14SOBRAC (100 µM) 

in the presence of different concentrations of C2Cer (0, 20, 50, 100 and 200 µM) for 20 

min at pH 4.5 (100 mM acetate buffer; 10 µL final volume) at 37 °C. Then the adducts 

were reacted with 500 µM DBCO-PEG5/6-TAMRA (2 µL of a 1 mM solution in 

methanol) for 1 h at 37 °C. After incubation, the reaction was stopped by adding two 

volumes of cold (4 °C) acetone. The tubes were vortexed and centrifuged at 5000 g for 

10 min at 4 °C. The supernatants were discarded and the resulting pellets were dried 

under a nitrogen stream. The pellet was suspended in 18.75 µL of PBS and 6.25 µL of 

4X Laemmli´s buffer and resolved on 12.5 % SDS-PAGE at 140 V/1 h. In gel 

visualization of the fluorescence labeling was performed in the wet gel slabs using a 

typhoon instrument with the Cy3/TAMRA settings (excitation wavelength 532 nm, 

emission wavelength 580nm). A sample of recombinant purified human AC (60 ng) was 

loaded in a parallel lane, cut and submitted to Western blot analysis as detailed in the 

Western blotting section. 

 

SPAAC-based labeling of cell lysates 

Cell lysates (25 µg protein) were diluted in assay buffer (100 mM sodium acetate, 150 

mM NaCl, 0.1% Igepal, 3 mM DTT, pH = 4.5, 25 µL) and incubated with 0.5 µM of 

N3C14SOBRAC for 5 min at 37 °C. In competition experiments, lysates were exposed 

to the specified concentrations of SOBRAC for 5 min at 37 °C prior to N3C14SOBRAC 

addition. Iodoacetamide (IAA) was added (1 µL 375mM) 15 mM final concentration) 

and incubated for 5 min at room temperature to block free thiol groups. Following 

DBCO-PEG5/6-TAMRA was added (2 µL of a solution in methanol, 0.5-2.5 µM final 

concentration) and the mixture was incubated for 10 min at 37 °C while shaking. The 

reaction mixtures were then quenched with 6.25 µL of 4 × Laemmli’s buffer and 

proteins were resolved on 12.5% SDS-PAGE. In-gel visualization of the fluorescent 

bands was performed in the wet gel slabs using a typhoon instrument with the 

Cy3/TAMRA settings (excitation wavelength 532 nm, emission wavelength 580nm). 

 

AC labeling in cells 

A375 cells (5000 cells per well) were seeded on glass bottom 4-well plates and allowed 

to adhere for 24 h. Then medium was replaced with fresh medium containing 75 nM 
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LysoTracker Red DND-99 (L7528; Invitrogen) and cells were incubated for 1 h at 

37 ⁰C. After this time, Bodipy-SOBRAC (1 µM) was added for a 5 min treatment, and 

then washed two times with PBS. Subsequently, phenol red free DMEM was added to 

mantain the cells alive during the visualization in the microscope. In competition 

experiments, cell were incubated with SOBRAC (5 µM) for 10 min prior to Bodipy-

SOBRAC addition. Staining was viewed with a Leica TCS-SP2 Laser Scanning 

Confocal Microscope and the images were analyzed using Fiji-Image J software. 

Colocalization between lysosome and Bodipy-SOBRAC was quantified using Manders’ 

algorithm. 

 

Western blotting 

Proteins were transferred onto a PVDF membrane (100 V/1 h). Unspecific binding sites 

were blocked with 3% milk in TBST (1 h, room temperature). Anti-ASAH1 antibody 

was diluted 1:1000 in 3% milk in TBST. Membranes were incubated overnight at 4 °C 

under gentle agitation. After washing with TBST, membranes were probed with the 

secondary anti-rabbit antibody diluted 1:1000 in 3% BSA in TBST for 1h at room 

temperature. Antibody excess was eliminated by washing with TBST and protein 

detection was carried out using ECL and membrane scanning with LI-COR C-DiGit® 

Blot Scanner. Band intensities were quantified by LI-COR Image Studio Lite Software. 
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SUPPLEMENTARY FIGURES 

 

	

Figure S1. Amino acid sequence of AC. The subunit is shown in blue and the subunit 
is shown in red. The active site Cys-143 containing peptide fragment resulting from 
trypsin digestion is shown highlighted in yellow. 

	

	

	

	

Figure S2. AC activity of cell lysates used in labeling experiments. Graphs 
correspond to the activities of lysates used to generate the gels shown in: 4A, Figure 
4A; 4B, Figure 4B; 4C, Figure 4C; 4D, Figure 4D; 4E, Figure 4E; 5B, Figure 5B, 5C, 
Figure 5C and 5D, Figure 5D. 
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1. ROLE OF DIHYDROCERAMIDES IN AUTOPHAGY INDUCTION AND 

OUTCOME 

 

Des1 is the last enzyme in the de novo biosynthesis of ceramides, where it 

catalyzes the introduction of an E doubled bond at C4. Therefore, Des1 is a 

crucial enzyme in the regulation of the balance between SLs derived from 

the saturated sphinganine (dhSLs) and those containing the sphingosine 

backbone. Although the functions of SLs derived from sphingosine have 

been well studied and integrate the subject of many reviews, dhSLs have 

received less attention, likely because of their long lasting assumed lack of 

biological activity. However, data gathered during the last 10 years have 

demonstrated that dhSLs are not inert but are in fact biologically active, 

underscoring the importance of elucidating the cell signaling networks 

involved in their biological actions.  

 

Most evidences for a role of dhSLs in cell biology have arisen from studies 

using Des1 inhibitors, gene silencing and, more recently, knockout mice 

models. Additionally, sphingolipidomics has also contributed to decipher a 

role for dhSLs in cell functions, as it has made possible to identify dhSLs as 

responsible for actions formerly attributed to SLs derived from So. Currently, 

that dhSLs have a role in cell biology is beyond any doubt. As reported in 

our recent review, which is reproduced as ANNEX I, these actions include 

the modification of the biophysical properties of cellular membranes [181–

187]. These effects are likely to be behind the biological processes 

regulated by dhCer, as shown for those relying on membrane structure and 

dynamics [181,188]. 

 

Furthermore, dhCer have been also shown to provoke inhibition of the cell 

cycle [61,189]. A first indication came from Endo et al. [64,190], who found 

that Des1 was involved in cell cycle control during spermatogenesis. 

Interestingly, an excellent recent investigation by Atilla-Gokcumen et al. 

[191] showed the occurrence of a large accumulation of dhCer in dividing 

cells, but the down regulation of Des1 as responsible for this effect was not 

examined. 
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One of the roles of dhCer recently identified is in induction of autophagy. 

The proautophagic activity of dhCers has been disclosed from experiments 

in which the use of proautophagic agents was found to provoke an 

accumulation of dhCer prior or concomitantly with induction of the 

autophagic flux. The first claim that dhCer were involved in autophagy 

induction came from Merill and co-workers [59] in experiments using 

fenretinide, which was shown to induce an  increase in dhCer, but not Cer 

as previously thought. Inhibition of Des1 by fenretininide was latter 

demonstrated [192]. After the above Merrill’s seminal work, other agents 

were shown to induce autophagy along with an increase in dhCer. These 

agents include vitamin E components, resveratrol and the active site 

directed Des1 inhibitor XM462 (see below). On the other hand, the 

combination of sub-lethal doses of temozolomide and a sphingosine kinase 

inhibitor resulted in the cell death potentiation in glioblastoma cell lines. The 

treatment triggered a caspase-3-dependent cell death that was preceded by 

accumulation of Sa and dhCer, oxidative stress, endoplasmic reticulum 

stress, and autophagy. Remarkably, neither Cer nor So, but rather Sa and 

dhCer were involved in the cytotoxicity elicited by the combination [193]. In 

another example, the selective increase of C22:0- and C24:0-dhCer but not 

total or other individual dhCer, Cer, sphingoid bases or their phosphates 

have been shown to increase the autophagic flux, which results in mixed 

cell death in T-cell acute lymphoblastic leukemia cell lines [60]. The 

availability of a Des1 knockout mouse model, in which most common SLs 

are replaced with dhSLs, has allowed obtaining additional data supporting a 

role for dhCer in autophagy. Thus, Des1(+/-) cells were found to be resistant 

to apoptosis and to exhibit high levels of AMPK dependent autophagy 

[194,195]. 

 

In collaborative works with Jèssica González and Mireia Casasampere, the 

first part of this thesis aimed at further establishing a correlation between 

dhCer levels and autophagy induction and outcome in model cancer cells. 

To achieve this goal, dhCer levels were induced to increase using two 

different types of compounds:  
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1) Metabolic precursors  

2) Des1 inhibitors. 

 

In the first case (Chapter I), a joint study with Jèssica González using 

metabolic intermediates of the de novo pathway, namely KSa and its 

dideuterated analog at C4 (d2KSa) was undertaken. The experiments 

showed that both KSa and d2KSa are metabolized in HGC27, T98G and 

U87MG cancer cells to produce high dhSLs levels (UPLC/TOF analysis). The 

advantages of using the deuterated probe are dual. First, it allowed 

discriminating between the metabolites produced from the exogenous 

precursor and those already present in cells at the time of treatment. 

Second, since the deuterated dhCer produced from d2KSa is desaturated at 

a very low rate compared to natural dhCer [196], this probe was useful to 

segregate the effects caused by dhCer from those provoked by Cer, which 

did not increase upon d2KSa treatments, but did augment upon KSa 

exposure. 

 

Using d2KSa, we could observe a correlation between the generation of Sa, 

SaP and dhCer, inhibition of Des1 and autophagy induction, as the three 

events occurred at short, but not long incubation times. In contrast, dhSM 

and dhLacCer showed the highest increases at long incubation times, when 

no sign of autophagy was evident. Published data showing a proautophagic 

activity of Sa [56,193], and/or dhCer [67,194,197] supports that Sa and/or 

dhCer are the proautophagic species in our model. Although SaP has never 

reported to induce autophagy, in our study d2SaP increased in parallel with 

autophagy induction in HGC27 and U87MG cell lines, supporting that it 

could be involved in autophagy stimulation. However, activation of 

autophagy occurred also in T98G cells upon d2KSa treatment in the absence 

of increased d2SaP levels, which suggests that SaP is not involved in the 

stimulation of the autophagy flux. Finally, although Cer and S1P have also 

been reported to stimulate autophagy [38], these species did not increase 

in d2KSa treatments, which argues against their role as autophagy inducers 

in our model. 
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In summary, the results of this approach support a role for Sa and dhCer in 

autophagy induction in HGC27, T98G and U87MG cancer cells. Further 

investigation of the role of each species could be approached by examining 

autophagy induction after general CerS inhibition (i.e. with fumonisin B1 or 

Jaspine B), which should lead to augmented Sa and reduced dhCer levels. 

The contribution of each SLs to the induction of the autophagic flux could be 

assessed by examining the production of LC3-II in both treated and 

untreated control cells. Deciphering the putative differential contribution of 

the different dhCer species to autophagy activation could be addressed by 

examining the effect on LC3-II production of specific gene silencing of each 

CerS isoform. 

 

Regarding the autophagy outcome, both ketobases exhibited cytotoxicity in 

the three cell lines with IC50 values around 20-30 µM. Although these values 

suggested that d2KSa promoted lethal autophagy, examining cell fate after 

pharmacological (i.e. 3-methyladenine, wortmannin) or genetic (i.e. 

silencing of autophagy essential genes such as Agt5 and Atg7) inhibition of 

autophagy is necessary to assess this hypothesis. Furthermore, to assess 

the effect on cell viability of inhibiting CerS (pharmacological or genetic) 

would cast light on the contribution of Sa and dhCer to the autophagy 

outcome. 

 

Future studies could also be undertaken to elucidate the cell signaling 

cascades involved in autophagy induction by d2KSa. Putative pathways 

include the PI3k/Akt/mTOR, AMPK/mTOR and the MAPK/ERK1/2 axes. The 

putative connection between autophagy and oxidative stress or ER 

stress/UPR may also be worth investigating. 

 

In another approach, the role of dhCer as inducers of autophagy was 

examined using drugs and pharmacological tools shown to decrease Des1 

activity and reportedly able to stimulate autophagy. This study was carried 

out in collaboration with Mireia Casasampere using glioblastoma T98G and 

U87MG cell lines. The test compounds included γ-T, γ-TE, CCX, PXD, RV and 

the active site directed Des1 inhibitor XM462. 
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Natural components of vitamin E include γ-T, and γ-TE. Previous studies 

have reported the cytotoxic effects of tocotrienols in human breast cancer 

cells associated with autophagy induction and ER stress-mediated apoptosis 

[87]. Treatment with γ-TE was reported to promote autophagy together with 

a marked buildup of intracellular Sa and dhCer in human prostate PC-3 and 

LNCaP cancer cells [56,198] and myriocin counteracted γ-TE-induced cell 

death and LNCaP xenograft growth in nude mice [56]. Similar effects have 

been recently reported by some vitamin E metabolites, which induce 

cytotoxic autophagy in colon cancer cells, inhibit Des1 and increase 

intracellular Sa and dhCer. Cell death is partially counteracted by blocking 

the increase of these Sphingolipids [199]. Des1 inhibition by γ-TE was not 

examined in the above articles. 

 

CCX has been reported to inhibit Des1 in intact cells [200]. Treatment of 

several cancer cell lines with CCX induces significant increase in dhCer while 

depleting levels of Cer in a time and concentration manner Liu et al. [201]. 

It has been also demonstrated that CCX induces apoptosis and autophagy in 

gastric cancer cells through the PI3K/Akt signaling pathway. Both events, 

namely dhCer induction and autophagy stimulation, had not been correlated 

when this work was initiated. 

 

RV has been reported to block cell proliferation by arresting cell cycle at 

G1/S phase [202]. Under prolonged treatment, RV induces apoptotic cell 

death by Cer accumulation in different cancer cells [203–205]. In gastric 

cancer SNU-1 cells, resveratrol mildly inhibited Des1 activity [206]. In 

contrast, inhibition of Des1 by RV and the resulting increase in intracellular 

dhCer has been reported to be involved in autophagy induction in gastric 

cancer HGC27 cells [62]. These experiments support that 

resveratrol-induced autophagy occurs, at least in part, as a result of Des1 

inhibition in some cell models. The putative connection between dhCer and 

autophagy in glioma cell lines had not been investigated at the time this 

work was proposed. 

 

PXD is a synthetic analog of genistein, a natural isoflavone reported to 

induce autophagy [207,208]. PXD has been reported to promote non-
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apoptotic cell death, but the proautophagic activity of PXD had not been 

investigated when this study was initiated. Furthermore, although its 

phenolic structure suggests activity as Des1 inhibitor [67], this property had 

not been examined at the time this work begun. 

 

XM462 is an active-site directed Des1 inhibitor that provokes an 

intracellular accumulation of dhCer [209]. Together with GT11 [77], it is 

currently used to assess the biological functions of dhCer [61,62]. 

 

All the above compounds were found to decrease Des1 activity in intact 

cells. In the case of CCX, RV and PXD, inhibition occurred at the protein 

level or by interacting with the Des1 associated electron transport chain 

[67]. However, γ-TE, reduced Des1 activity in intact cells by decreasing 

gene expression. 

 

The results obtained with these compounds support that dhCer participates 

in the induction of the autophagic flux. Thus, autophagy was activated in 

glioblastoma T98G and U87MG cell lines by treatment with RV, PXD, CCX 

and γ-TE, all of which decreased Des1 activity and provoked an increase in 

dhCer levels. Similar results (increase in dhCer levels and autophagy 

induction) were found with the Des1 active site directed inhibitor XM462. 

Finally, γ-T, which differs from γ-TE by the absence of the double bonds in 

the isoprenoid chain, does not decrease Des1 activity, was unable to 

promote an increase in dhCers and did not induce autophagy. However, two 

lines of evidence support that the compounds tested are also able to 

stimulate the autophagic flux independently of dhCer generation. First, 

myriocin pretreatment reduced the compounds-promoted increase in dhCer 

to a much higher extent than it lowered autophagy induction. Second, the 

compounds ability to induce autophagy was retained in cells with a 

negligible capacity for ceramide biosynthesis de novo (U87DND) and thus 

poorly able to accumulate dhCer in response to treatments. 

 

Regarding the putative role of dhCer at promoting cell survival or death, 

although all compounds tested in this work induced dhCer accrual, they had 

different effects on cell viability. These differences could be explained 
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invoking the different sphingolipids generated as response to the treatments. 

In this regard, although sphinganine has been reported to increase in cells 

exposed to CCX [200] and γ-TE [56], no rise in sphinganine occurred in our 

cell models in our experimental conditions. The differently N-acylated dhCer 

species produced as response to the various treatments might also explain 

their different effects on cell viability. 

 

Interestingly, PXD and RV, the less toxic compounds, produced C24:0-

dhCer preponderantly, while C16-dhCer and C24:1-dhCer were also 

abundantly increased in treatments with γ-TE and CCX, which exhibited 

higher cytotoxicity than PXD and RV. These findings suggested a 

cytoprotective role for C24:0-dhCer. In agreement, cells with a reduced 

competence at responding to treatments with a rise in dhCer (U87DND) 

were more sensitive to RV (14-fold) and PXD (154-fold) than the de novo 

Cer synthesis competent U87MG cells, while sensitivity to γ-TE (1.2-fold) 

and CCX (3.2 fold) was less affected. However, three lines of evidence 

argue against a role of C24-dhCer at promoting survival. First, exposure to 

d2C8dhCer, a deuterated dhCer that is slowly desaturated but able to 

undergo transacylation, did not result in the expected increased resistance 

to PXD in the de novo ceramide synthesis deficient cells. However, likely 

because of a defective CerS2, involved in long chain dhCer synthesis, 

C24-dhCer was not the preponderant species produced in this experiment. 

Second, silencing CerS2 did not increase the sensitivity of U87MG cells to 

PXD and RV. Third, myriocin pretreatment did not affect the sensitivity of 

U87MG cells to the test compounds despite reducing dhCer levels. However, 

regarding the latter two cases, we cannot disregard that prolonged down 

regulation of SPT and/or CerS (as in U87DND-shC) may provoke the up 

regulation or down regulation of cell death or survival mediators, while the 

transient blockade of SPT or CerS2 would not allow sufficient time to trigger 

such hypothetical long-term adaptive responses. To further address this 

issue, we plan to determine the effect of the test compounds on cell viability 

in stable U87MG CerS2 knockdowns and in U87DND cells overexpressing 

CerS2, as well as in stable Atg5 knockdowns derived from U87MG clones 

able to synthesized Cer de novo. 
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Since dhCer have been reported to counteract the effects of Cer, another 

possibility is that cell death or survival is affected not by the actual increase 

in dhCer levels, but by the dhCer/Cer ratios resulting in cells after treatment. 

Analysis of these ratios support that cytotoxicity would occur in treatments 

resulting in high (γ-TE and CCX) but not low (PXD and RV) short chain 

dhCer/Cer ratios (mainly the C18 derivatives), while the same ratios for 

long chain species would not affect cell fate. Although myriocin 

pretreatment did not affect the sensitivity of U87MG cells to the test 

compounds despite reducing all dhCer/Cer ratios, the hypothetical long-

term adaptive response mentioned above can be also invoked here. The 

experiments proposed at the end of the previous paragraph should help to 

evaluate the importance of the dhCer/Cer ratios in autophagy outcome. 

 

At this point, the available data does not allow us to conclude that the 

different sensitivity of cells to the test compounds is the result of autophagy 

with different outcomes. Attempts to solve this issue have been so far 

unsuccessful. One approach involved the determination of cytotoxicity of 

the test compounds in cells in which beclin 1 or Atg7 had been transiently 

silenced. Unfortunately, the transfection agents used (lipofectamine 2000 

and dharmafect) increased the cytotoxicity of all compounds, making the 

experiment unreliable. The use of cells with stable silencing of autophagy 

essential genes would be a good alternative. Stable knockdowns are 

currently under construction from a new batch of U87MG cells with proven 

capacity to biosynthesize dhCer de novo. Pharmacological inhibition of 

autophagy with wortmannin was also attempted, but the results were not 

reproducible. Inhibition of early steps of the autophagic machinery with 

3-MA was initially discarded given the reported limitations of using this 

pharmacological tool [210]. Nevertheless, its effects on the compounds 

toxicity is currently ongoing and we hope that we will be able to conclude 

whether the different sensitivity of cells to the test compounds is connected 

to the outcome of the autophagy they induce. Interestingly, dhCer 

biosynthesis defective cells with a decreased ability to undergo autophagy 

(U87DND-shAtg5) were significantly more resistant to RV, PXD and CCX 

than dhCer biosynthesis defective/autophagy competent cells (U87DND-

shC). These results support that CCX, PXD and RV-induced 
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dhCer-independent autophagy leads cells to exhaustion and death. In 

contrast, sensitivity to γ-TE was similar in both cell lines, suggesting that, in 

our experimental conditions, dhCer-independent autophagy and cell death 

signaling following γ-TE treatment act independently of each other. 

 

In summary, we have provided experimental evidence that in T98G and 

U87MG glioblastoma cell lines, CCX, PXD, RV, γ-TE and XM462 induce 

autophagy concomitantly with dhCer buildup due to stimulation of Cer 

synthesis de novo and decreased Des1 activity. However, autophagy 

activation by the Des1 inhibitors is also induced in the absence of dhCer 

accrual. Further experiments to confirm the proautophagic action of dhCer 

include the demonstration that genetic silencing (siRNA or shRNA) of Des1 

induces autophagy. The experiments of transient silencing were complicated 

by the high levels of basal autophagy detected in cells transfected with 

scrambled RNA. The preparation of cells with a stably silenced Des1 gene is 

currently ongoing. 

 

Overall, considering the literature data and the results of the two 

approaches followed in this thesis (use of metabolic intermediates and of 

Des1 inhibitors), we speculate that the Des1 inhibitors tested induce 

autophagy through either Sa/dhCer-dependent or independent pathways 

and that the autophagy outcome depends on the balance between both 

channels. In the Sa/dhCer dependent pathway, the balance between Sa and 

the different dhCer species and/or their dhCer/Cer ratios, as well as their 

local changes at specific subcellular compartments, contribute to the 

autophagy outcome, namely cell survival or death (Figure 11). 
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Figure 11. Hypothetical mode of action of compounds used in this Thesis on 
autophagy and its outcome on cell fate. 

 

 

2. Novel Activity-Based Probes for Acid Ceramidase Detection in 

Protein Extracts and in Intact Cells 

 

Over the last decades, a number of ceramidase inhibitors have been 

reported. However, most of these compounds, such as NOE [117] DM102 

[121] or D-e-MAPP [123,189] present low potency and selectivity. The first 

potent and selective inhibitor of AC reported was SABRAC [113], a 

dihydroceramide analog containing a reactive thiol function at the amide 

linkage (an α-bromo ketone), which inhibits AC at nanomolar concentrations 

(IC50 = 52 nM).  

 

Some additional irreversible AC inhibitors have been later described, 

including a rosamine compound containing a chloroacetamide moiety [162], 

the 5-fluorouracil derivative carmofur [136] and benzoxazolone 

carboxamides [139]. Whereas SABRAC was designed as a substrate analog 

able to react with the catalytic cysteine present in AC, the other compounds 

were identified in library screenings. 

 

With the aim of further exploring the potential of α-halo amides as AC 

inhibitors, different SABRAC analogs were synthesized and their activity was 
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investigated using a fluorogenic substate as previously reported [211]. 

These analogs include the unsaturated SOBRAC containing a trans double 

bond at the position 4,5, cis-SOBRAC with a cis double bond at the same 

position, and the α-cloroamides SACLAC and SOCLAC. As it can be seen in 

Table 3, the unsaturated SOBRAC was the most potent inhibitor and the 

replacement of the bromine by a chlorine atom resulted in a slightly 

decreased activity. As a result, two additional probes derived from SOBRAC 

were synthesized, namely N3C14SOBRAC and Bodipy-SOBRAC. These 

compounds bear, respectively, an azido group that enables selective 

labeling via biorthogonal reactions or a fluorophore that should permit direct 

visualization of the enzyme. The incorporation of these tags had no negative 

impact on AC inhibition. In fact N3C14SOBRAC turn out to be the most 

potent inhibitor (IC50 = 3.3 nM) while the introduction of a Bodipy in 

SOBRAC resulted in comparable activities (IC50 = 19.5 nM). 

 
Table 3. Inhibition of AC by 2-haloacetamides 

Inhibitor IC50 

SABRAC 52.0 nM 

SOBRAC 15.9 nM 

Cis-SOBRAC 60.4 nM 

SACLAC 46.7 nM 

SOCLAC 25.9 nM 

N3C14SOBRAC 3.3 nM 

Bodipy-SOBRAC 19.5 nM 

 
 
SABRAC, SOBRAC and N3C14SOBRAC were designed as ceramide 

analogues containing a α-bromo ketone that should specifically react with 

the catalytic cysteine 143 of AC. Therefore, the covalent modification of 

Cys-143 by the inhibitors was then investigated using a recombinant human 

AC protein. To this end, the analogs were incubated with rhAC and after 

tryptic digestion of the protein, the resulting peptides were analyzed by 

mass spectrometry. The expected lipid modified-CTSIVAEDK peptide was 

detected in the extracts after treatment with each inhibitor. These results, 

together with the absence of these peptides in control incubations, which 

showed only the native unmodified peptide, supported that ceramide 
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analogs with the 2-bromoacetyl unit at the amide linkage might be useful as 

AC activity-based probes (ABP). 

 

ABP are small molecules inhibitors that covalently bind to functional 

enzymes. As a result, ABP have emerged as powerful tools to evaluate 

enzyme function directly in living systems. Although ABP were initially 

designed to target large number of mechanistically similar enzymes, recent 

efforts are clearly oriented to the development of selective ABP probes 

enabling the characterization of specific enzymes. Some interesting 

selective ABP applied to SLs metabolism have been recently described. As 

example, a Bodipy-substituted cyclophellitol analog was shown to efficiently 

label glucocerebrosidase A in Gaucher fibroblasts [161]. Similarly, a 

fluorescent analog of carmofur has been recently reported as an ABP for AC 

detection in Gaucher cells lysates [163]. 

 

Interesting candidates for the developing of tailored ABP probes should 

posses several features including high activity and specificity in front of 

other enzymes, suitable pharmacokinetic properties that ensure cell 

permeabilization and the presence of a reporter tag enabling imaging 

studies of the probe-labeled enzyme using bioorthogonal reactions. The 

described SOBRAC analogs meet all the requirements: i.e they are potent 

and selective inhibitors of AC with good membrane permeability and can be 

tagged with fluorophores or an azide moiety while retaining its activity. 

Therefore, our next studies were directed to explore the use of tagged 

SOBRACs as ABP to characterize AC activity and intracellular localization.  

 

At first, labeling of pure enzyme (rhAC) was attempted using 

N3C14SOBRAC and DBCO-PEG5/6-TAMRA as alkyne partner. The reaction 

of an azide and a cyclooctyne (DBCO), known as strain-promoted alkyne 

azide cycloaddition (SPAAC) does not require the presence of the cytotoxic 

Cu(I) catalyst. After optimization of concentrations and incubation times, 

labeled rhAC could be successfully detected by in-gel fluorescence analysis 

and Western blot showing the presence of a band with the expected 
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molecular weight (ca 40 KDa). Moreover, competition experiments upon 

incubation with N-acetylsphingosine (C2Cer) reduced the band intensity in a 

concentration-dependent manner, thus indicating the specificity of the 

reaction. 

 

Next, labeling of AC was investigated using cell lysates of A375 melanoma 

cells that can overexpress AC under the control of a 

tetracycline/doxycycline-responsive promoter. With this aim, cell lysates 

were incubated with N3C14SOBRAC for 5 min and DBCO-PEG5/6-TAMRA 

was added at different concentrations and incubated for different times. 

Probe-labeled proteins were then detected by in-gel fluorescence scanning 

showing the desired protein band. Low concentrations and short reactions 

times were found to be the best conditions for selective AC labeling as 

longer incubation times resulted in unspecific labelling. 

 

Cyclooctyne reagents required for SPPAC may react non-specifically with 

cellular thiols [212]. In agreement with this observation, iodoacetamide 

(IAA) addition was necessary prior to incubation with DBCO-PEG5/6-TAMRA 

to reduce the unspecific labeling. Importantly, the specificity of AC labeling 

was confirmed by the disappearance of the protein band in lysates from 

cells not overexpressing AC (not treated with doxycycline). 

Inhibitors compete with activity-based probes for enzyme targets, and this 

competition can be read out by loss of fluorescence. Hence, with the aim of 

further characterizing SOBRAC as an ABP probe, cells were pretreated with 

a non-tagged SOBRAC prior to addition of N3C14SOBRAC. Satisfyingly, pre-

treatment with SOBRAC resulted in a clear decrease in fluorescence 

detection thus indicating the specificity of the binding.  

 

A SOBRAC inhibitor bearing a fluorophore would enable direct enzyme 

labeling without the use of secondary labeling reactions. To this end, AC 

labeling was explored in lysates from AC-overexpressing A375 melanoma 

cells using the fluorescently-labeled Bodipy-SOBRAC. Time course 

experiments showed that AC detection occurred after only 5 min at 0.5 µM. 

Higher concentrations and longer reaction times had to be discarded 
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because were accompanied by increased in background fluorescence. Again, 

specific AC labeling could be proven by preincubation with SOBRAC and with 

the absence of the band when the studies were performed with A375 cells 

not overexpressing the enzyme, thus indicating that Bodipy-SOBRAC may 

be employed for direct visualization of active AC. 

 

Similarly, cell lysates from Farber Disease cells (FD), derived from patients 

that do not produce either precursor or proteolytically processed mature AC 

protein [213], and AC-overexpressing Faber Disease cells (FD/AC) were 

treated with the Bodipy-SOBRAC at a probe concentration of 0.5 µM and 

incubation time of 5 min. Gratifyingly, AC overexpressing cells (FD/AC) 

could be successfully labeled while the protein band could not be detected in 

FD cells, as they do not contain AC. Moreover, the protein band decreased 

in a dose dependent manner when lysates were pretreated with a non-

labeled SOBRAC prior to Bodipy-SOBRAC addition, thus supporting the 

specificity of the reaction. 

 

Direct imaging of AC activity in living cells would be of great interest. As 

Bodipy-SOBRAC can freely penetrate cells it can be employed to monitor 

real-time AC activity with fluorescence microscopy techniques as well as 

standard biochemical methods. To this end, AC labeling was performed in 

AC-overexpressing A375 melanoma cells. Lysosomes were previously 

stained with Lysotracker, a fluorescently-labeled weak base that stains 

acidic compartments, to enable colocalization studies. Briefly, treatment of 

cells with Bodipy-SOBRAC showed a clear labeling of vesicles structures that 

colocalized with the lysosome marker, thus indicating an activity-dependent 

covalent modification of AC. Furthermore, colocalization decreased when 

cells were pretreated with a non-labeled SOBRAC. In addition, fluorescence 

intensity markedly decreased when non overexpressing A375 cells were 

employed. These results indicate that Bodipy-SOBRAC is a useful tool that 

can be applied for direct identification and unambiguous assignment of 

protein activity in living cells.  

 

In future studies the specificity of Bodipy-SOBRAC labeling will be 

characterized, investigating its dependency on acid pH and on the catalytic 
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cysteine 143. With this aim, cells will be pretreated with ammonium chloride 

that neutralizes the acidic pH of the lysosomes, and IAA, a thiol reactive 

agent that covalently binds to the reduced cysteines. A marked decrease in 

cellular labeling upon pretreatment with these agents would strongly 

indicate a specific labeling of active lysosomal acid ceramidase. 

 

Moreover, one of the great advantages of ABP probes is its activity-based 

binding what enables to discriminate between functional proteins and 

inactive ones, something that cannot be achieved using immunodetection 

methods because antibodies react with both active and defective proteins. 

Therefore, it is also planned to employ the developed Bodipy-SOBRAC to 

characterize AC activity in cells derived from Farber disease patients bearing 

mutations resulting in the expression of entire inactive protein. Available 

cells to conduct the study (kindly provided by Prof. Thirry Levade) study 

include: FD2, which contains a 502G>T substitution leading to G168W 

replacement in AC, resulting in a very low enzyme activity [214]; FD3, 

which harbors products of normal size with a transition mutation 107A>G, 

resulting in the Y36C substitution, which has been reported to result in <5% 

residual enzyme activity [101] and FD4, which has a 833C>T substitution 

that leads to P278L replacement [13]. The impact of this latter mutation on 

activity is so far unknown and we will determine it with our fluorogenic 

assay [211]. 

 

As an ultimate goal, the ABP probe can be employed in the discovery of 

small-molecule chaperones for AC with the long term objective of finding 

treatments for Farber disease. Once their ability at increasing AC activity is 

confirmed, confocal microscopy imaging after mutant cell staining with ABP 

will be used to determine whether the selected compounds increase the 

trafficking of the mutated enzyme to the lysosome [144]. 

 

 



	



 

 
 

 

 

 

 

CONCLUSIONS 
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CHAPTER I 

 

1. 3-Ketosphinganine (KSa) and its dideuterated analog at C4 (d2KSa) 

are metabolized to produce high levels of dihydrosphingolipids in 

HGC27, T98G and U87MG cancer cells. In contrast, either direct C1 O-

phosphorylation or N-acylation of d2KSa to produce dideuterated 

ketodihydrosphingolipids does not occur  

 

2. Cells respond to d2KSa treatment with induction of autophagy. Time-

course experiments agree with sphinganine, sphinganine-1-phosphate 

and dihydroceramides being the mediators of autophagy stimulated by 

d2KSa  

 

3. Enzyme inhibition studies support that inhibition of Des1 by 3-

ketobases is caused by their dihydroceramide metabolites. However, 

this effect contributes to increasing dihydrosphingolipid levels only at 

short incubation times, since cells respond to long time exposure to 3-

ketobases with Des1 overexpression  

 

CHAPTER II 

 

1. The compounds CCX, PXD, RV, γ-TE and XM462, but not γ-T, provoke a 

reduction in Des1 activity. In the case of CCX, PXD, RV and XM462, 

Des1 inhibition occurs at the protein level or by interacting with the 

Des1 associated electron transport chain, while γ-TE reduced Des1 

activity by decreasing Des1 expression (mRNA analysis by qPCR) 

 

2. In U87MG and T98G cells, the compounds CCX, RV, PXD and γ-TE and 

XM462, but not γ-T, promotes an increase in dihydrosphingolipids, with 

the highest accrual over controls occurring for dhCer. This increase 

occurs by both stimulating Cer synthesis de novo and decreasing Des1 

activity. 
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3. In human glioblastoma U87MG and T98G cells, the compounds CCX, 

RV, PXD, γ-TE and XM462, but not γ-T, stimulate the autophagic flux as 

concluded from both Western blot analysis of LC3-II and 

immunofluorescence analysis of autophagosomes. 

 

4. In human glioblastoma U87MG and T98G cells, the compounds CCX, 

RV, PXD, γ-TE and XM462 induce both dhCer-dependent and 

independent autophagy as concluded from results obtained after 

blocking serine palmitoyltransferase (myriocin) or in cells deficient in 

dhCer synthesis de novo. 

 

5. dhCer-independent autophagy may provoke cell death by CCX, PXD 

and RV, as concluded from experiments in which the autophagy 

essential gene Atg5 was stably knocked down. In contrast, dhCer-

independent autophagy does not participate in cell death induced by γ-

TE in the experimental conditions of the assay 

 

6. U87DND-shC cells are more sensitive to RV and PXD than the de novo 

ceramide synthesis competent U87MG cell line, suggesting that the 

inability of U87DND-shC to respond to RV and PXD with an increase in 

dhCer renders the cells more sensitive to the treatments. The finding 

that, in contrast to other compounds, RV and PXD result in the 

preferential production of high levels of C24:0 dhCer, suggests that 

long chain dhCers might exert a cytoprotective role. This needs to be 

confirmed 

 

7. We propose that DIPACS trigger both dhCer-dependent and 

independent pathways and that their balance, along with the 

differently N-acylated dhCer/Cer ratios in the dhCer-dependent 

pathway, has an impact on the final cell fate. 
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CHAPTER III 

 

1. α-Haloacetamides of sphinganine and sphingosine are potent and selective 

inhibitors of AC. Compound N3C14SOBRAC is the most potent, exhibiting an 

IC50 value of 3.3 nM 

 

2. Inhibition of AC by the α-haloacetamide analogs of ceramide occurs by 

reaction with the thiol function of the AC active site Cys-143 

 

3. Active AC can be detected by in-gel fluorescence with submicromolar 

concentrations of both a fluorescenctly labelled probe (Bodipy-SOBRAC) and 

an azido-modified SOBRAC (N3C14SOBRAC) after SPAAC with a fluorescent 

cyclooctyne partner (DBCO-PEG5/6-TAMRA). Best detections occur at very 

short incubation times (5 min). Labeling is impaired by competition with 

unlabeled probes (C2Cer or SOBRAC) and does not occur with denatured 

enzyme. These results indicate that the probes targets AC 

 

4. Direct imaging of AC activity in living cells can be achieved with Bodipy-

SOBRAC. Using AC-overexpressing A375 melanoma cells, the probe labels 

the lysosomes as it exhibits colocalization with a lysosome marker. 

Furthermore, fluorescence intensity is reduced after preincubation with 

unlabeled SOBRAC and it markedly decreases in non overexpressing A375 

cells. Thus, Bodipy-SOBRAC is a useful tool that can be applied for direct 

identification and unambiguous assignment of AC activity in living cells that 

deserves further investigation. 
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INTRODUCCIÓN 

 

Esfingolípidos 

 

Los esfingolípidos (SLs) constituyen una numerosa y diversa familia de 

lípidos que están presentes como constituyentes de las membranas 

biológicas de las células. Además de sus funciones estructurales, los SLs 

son moléculas de señalización celular importantes, jugando un papel 

esencial en el control de diferentes procesos celulares tales como la 

proliferación celular, crecimiento, migración, diferenciación, senescencia y 

apoptosis. Estructuralmente, los SLs están constituidos por una molécula de 

esfingosina o esfinganina unida a través de un enlace amida a un ácido 

graso.  

 

Las bases esfingoides son compuestos alifáticos de cadena larga, siendo la 

esfingosina (So), esfinganina (Sa) y fitoesfingosina (PHS) las bases 

esfingoides que se encuentran con mayor frecuencia en los tejidos de 

mamíferos. La So se caracteriza por la presencia de un doble enlace trans 

en C4, mientras que sus dos análogos naturales, Sa y PHS, son compuestos 

saturados, el último con un grupo hidroxilo adicional en C4. Estos 

compuestos pueden existir en forma libre o unidos a un ácido graso 

mediante un enlace amida para formar ceramida (Cer). Los SLs complejos, 

tales como la esfingomielina (SM), la glucosilceramida (GlcCer) o la 

galactosylceramides (GalCer) se obtienen a partir de la Cer y presentan 

sustituyentes polares unidos al grupo hidroxilo en C1. Además, la 

fosforilación del grupo hidroxilo en C1 origina las correspondientes formas 

fosforiladas de la bases esfingoides, dihidroesfingosina-1-fosfato (dhS1P) y 

esfingosina-1-fosfato (S1P). Además de generar SLs complejos, la Cer 

puede ser catabolizada hacia So por acción de ceramidasas (CDasa) 

específicas y ésta So puede ser fosforilada mediante esfingosina kinasas 

(SK) para formar S1P. En una última etapa, la S1P puede experimentar una 

ruptura retroaldólica, catalizada por la esfingosina-1-fosfato-liasa (S1PL), 

generando hexadecanal y fosfoetanolamina (PEA). 
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Metabolismo de los esfingolípidos 

 

La Cer [y la dihidroceramida (dhCer)] son las moléculas centrales del 

metabolismo de los SLs. La Cer puede ser generada por tres mecanismos 

diferentes: la biosíntesis de novo, la vía catabólica y la vía de reciclaje. 

 

a) la biosíntesis de novo de la Cer es una ruta anabólica que tiene lugar 

en el retículo endoplasmático (RE). Comienza con la condensación de 

serina y palmitoil-CoA para dar 3-cetoesfinganina (KSa) por 

intervención de la serina palmitoiltransferasa (SPT). La KSa es 

reducida por acción de la 3-cetoesfinganina reductasa (KSR) para 

formar esfinganina (Sa), cuya acilación mediada por ceramida 

sintasas (CerS) conduce a las dhCer. La trasformación de estas en 

Cer tiene lugar por acción de la dihidroceramida desaturasa 1 (Des1). 

b) la vía catabólica, consiste en la hidrólisis de la SM por acción de 

esfingomielinasas (SMasa) para formar Cer y fosfocolina. En ésta vía 

la Cer también puede ser formada por degradación de 

glicoesfingolípidos (GSLs) complejos mediante glicosilhidrolasas. 

c) la vía de reciclaje, en la que la S1P es reciclada para formar Cer por 

acción secuencial de esfingosina-1-fosfato-fosfatasa (S1PP) y CerS. 

Una vez generada la Cer, ésta puede ser catabolizada hacia So por 

acción de ceramidasas específicas, la So puede ser fosforilada con 

ayuda de la esfingosina kinasa (SK) para formar S1P, que será 

metabolizada de manera irreversible por la enzima (S1PL) generando 

hexadecanal y PEA.  

 

Compartimentación y transporte de los esfingolípidos 

 

Los SLs se sintetizan principalmente en el RE y el aparato de Golgi y luego 

son transportados a la membrana plasmática. Los pasos iniciales de la 

biosíntesis de novo de los SLs ocurre en el cara citosólica del RE y en la 

membranas asociadas a la mitocondria (MAMs). La Cer formada en el RE es 

transportada al aparato de Golgi y convertida en SM y GlcCer, que a su vez 

será utilizada para la síntesis de los GSLs. 
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El transporte de Cer al aparato de Golgi puede producirse por dos vías 

específicas, ya sea a través de la acción de la proteína de transferencia 

CERT, que transporta la Cer específicamente para la síntesis de SM, o por 

medio de transporte vesicular, que entrega la Cer para la síntesis de GlcCer. 

Otras proteínas de transporte son las FAPP2, que transfieren la GlcCer 

desde la superficie citosólica del aparato de Golgi hacia el lado luminal de 

éste para la síntesis de GSLs. Posteriormente, la SM y los GSLs son 

transportados a la membrana plasmática a través de la vía de tráfico 

vesicular. Una vez en la membrana plasmática, la SM puede ser 

metabolizada a Cer, ya sea por la SMasa ácida en la cara exterior de la 

membrana o por SMasa neutra, que reside en el cara interior de la bicapa. 

 

A partir de la membrana plasmática, los SLs pueden ser recirculados a 

través de la vía endosomal. Una vez dentro de las células, la SM y la GlcCer 

se metabolizan a Cer en el compartimento lisosomal mediante la acción de 

la SMasa ácida y la glucosilceramida hidrolasa ácida, respectivamente. 

Mediante la acción de la ceramidasa ácida (AC), la Cer resultante se 

hidroliza para formar So. Debido a su carga positiva ionizable, la So es 

capaz de dejar el lisosoma y es suficientemente soluble para moverse a 

través del citosol y de llegar al RE, donde está disponible para su reciclaje.  

 

Esfingolipidos y enfermedades  

 

Algunos trastornos hereditarios raros están ocasionados por mutaciones en 

enzimas implicadas en el metabolismo de SLs. Estas graves dolencias 

incluyen, entre otras, las enfermedades de Gaucher, Fabry, Niemann-Pick y 

Farber. Desgraciadamente, muchas de estos trastornos, especialmente los 

de afección neuronopática, no tienen curación. Una de la aproximaciones 

terapéuticas en desarrollo (p. ej. en enfermedades de Gaucher y Fabry) se 

basa en el uso de chaperonas farmacológicas, que son moléculas de 

pequeño peso molecular y permeables a la membrana celular que se unen a 

la proteína afectada y la estabilizan a nivel del RE, promoviendo su correcto 

plegamiento y tráfico al lisosoma, donde la proteína ha de ejercer su acción. 

Esta aproximación no se ha aplicado nunca a la enfermedad de Farber. 
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Además de estos trastornos hereditarios, se ha descrito que el inicio y/o la 

progresión de varias enfermedades de gran importancia socioeconómica 

cursan con alteraciones en los niveles de los SLs. Algunas de estas 

dolencias son la diabetes tipo 2, el mal de Alzheimer y algunos tipos de 

cáncer, entre otras. 

 

Esfingolípidos y Autofagia  

 

La autofagia es un proceso de autodegradación celular en el que 

determinados material citosólico y orgánulos son secuestrados y entregados 

al lisosoma para su degradación y posterior reciclaje. Así, en ausencias de 

estímulos, la autofagia se mantiene a niveles basales, pero puede ser 

inducida como una respuesta de supervivencia frente a condiciones 

adversas como falta de nutrientes u oxígeno, presencia de orgánulos 

dañados o proteínas agregadas o por tratamientos con fármacos.  

 

El proceso de autofagia empieza con la formación de vesículas de doble 

membrana de origen desconocido denominadas autofagosomas, que 

secuestran porciones del citoplasma y orgánulos intracelulares. El 

autofagosoma se fusiona con el lisosoma para formar el autofagolisosoma, 

en el cual se produce la hidrólisis ácida de los materiales incluidos a 

elementos sencillos (aminoácidos, monosacáridos, ácidos grasos, 

nucleótidos, etc), que son liberados al citoplasma mediante permeasas para 

su reciclaje. 

 

La familia de genes Atg (AuTophagy related Genes) controla el proceso de 

autofagia a distintos niveles, desde la inducción de la formación del 

autofagosoma a su expansión y fusión con el lisosoma para formar el 

autofagolisosoma, y la hidrólisis y reciclaje del material secuestrado. El 

complejo mTOR1 (mTORC1) fosforila e inhibe el complejo ULK1 bajo 

condiciones ricas en nutrientes, inhibiendo la autofagia. En condiciones de 

escasez de nutrientes, mTOR está inactivo, permitiéndose así la generación 

de un complejo que contiene las proteínas Atg13 y a Atg1 y que controla la 

inducción de autofagia. La nucleación de las vesículas está controlado por 
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una PI3K de clase III, que en mamíferos se ha denominado Vps34, que 

recluta otras proteínas pro-autofágicas en el fagóforo, como Vps15, Ambra, 

Bif, UVRAG, beclina-1 (Atg6), y Bcl-2. La función de Bcl-2 dentro de este 

complejo consiste en inhibir la beclina-1. 

 

Para la elongación del autofagosoma, intervienen dos mecanismos de 

conjugación similares a la ruta de conjugación de la ubiquitina: en el 

primero de ellos intervienen las proteínas Atg12, Atg7, Atg10, Atg5 y Atg16, 

y se ha denominado sistema de conjugación de Atg12; el otro mecanismo 

concluye con la unión covalente entre las proteínas LC3 (Atg8) y una 

molécula de PEA, catalizada por Atg3. La molécula resultante se conoce en 

mamíferos como la proteína LC3-II, que se utiliza como un marcador de los 

niveles de autofagosomas, ya que es la única proteína específica de esas 

estructuras. En esta etapa de conjugación intervienen las proteínas Atg8, 

Atg4, Atg7 y Atg3. 

 

Dihidroceramidas and dihidroceramida desaturasa  

 

Si bien las funciones biológicas de la Cer están muy bien caracterizadas, las 

correspondientes a las dhCer se están descubriendo más recientemente. Por 

ejemplo, utilizando inhibidores de la Des1 o mediante ablación genética del 

gen DEGS, se ha descrito que la acumulación de dhCer promueve la 

detención o el enlentecimiento del ciclo celular y la inducción de la 

autofagia. 

 

Por ser la enzima que cataliza la introducción de un doble enlace en C4 en 

la dhCer para generar Cer en el último paso de la biosíntesis de novo, esta 

enzima es crucial en la regulación del equilibrio entre SLs y 

dihidroefingolípidos (dhSLs). La desaturación se produce en la cara 

citosólica del RE y requiere NADH o NADPH como cofactores. 

 

Se han descrito varios inhibidores de la Des1. Estos incluyen compuestos de 

diseño en base a mecanismo de acción enzimático e incluyen los 

compuestos GT11 y XM462. El primero es un análogo de la N-

octanoilesfingosina en el que el doble enlace de ésta ha sido reemplazado 
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por un anillo de ciclopropeno y actúa de modo competitivo. En el XM462, el 

grupo metileno en C5 está sustituido por un átomo de S y actúa de modo 

mixto. Ambos compuestos presentan inhibición de la Des1 tanto in vitro 

como en células intactas. Por otra parte, existen otros inhibidores de la 

Des1 descubiertos al azar. En esta familia se incluyen compuestos naturales 

como el  gamma-tocotrienol (γ-TE) y resveratrol (RV) y fármacos como la 

fenretinida y el celecoxib (CCX). 

 

Ceramidasas  

 

Las CDasas catalizan la hidrólisis de  (dh)Cer a (dh)So y ácidos grasos. De 

acuerdo a su pH óptimo están agrupadas en ácida (AC), neutra (NC) y 

alcalinas (ACER). Los genes codificantes son: ASAH1 (AC), ASAH2 (NC) y 

ASAH3, ASAH3L and PHCA (ACER1, ACER2 y ACER3, respectivamente). 

Mientras que la AC se expresa de forma ubicua y se encuentra en los 

lisosomas, la NC puede ser secretada o localizada en la membrana 

plasmática. La ACER1 se expresa exclusivamente en el RE de células de la 

piel, la ACER2 se localiza en el aparato  de Golgi y ACER3 se localiza en 

ambos orgánulos.  

 

La AC es una glicoproteína heterodimérica con un peso molecular de ~50 

kDa. En condiciones de reducción, la AC se disocia en dos subunidades: una 

α de ~13 kDa y no glicosilada y una subunidad β de ~40 kDa con residuos  

glicosilados.  

 

La deficiencia heredada de la AC produce una acumulación de esfingolípidos 

en el lisosoma, causando la enfermedad de Farber. Los síntomas típicos de 

este padecimiento son: articulaciones deformadas, nódulos subcutáneos y 

muerte a una edad temprana. El diagnóstico de la enfermedad de Farber se 

realiza comprobando la reducción de la actividad enzimática o la 

acumulación de Cer en muestras de pacientes. Actualmente no existe 

tratamiento para esta enfermedad.  

 

Además de la enfermedad de Farber, también se han descrito actividades 

anómalas de la AC en otras enfermedades, como son el mal de Alzheimer, 



	 175	

en el cual se ha descrito una disminución significativa de la actividad y 

expresión de la AC, y en varios tipos de cáncer en los que la AC está 

sobreexpresada. Ello conlleva a la degradación de Cer y formación de S1P, 

con disminución de la capacidad de apoptosis y aumento de un fenotipo 

proliferativo e invasivo. Por esta razón, la AC se ha convertido en una 

posible diana terapéutica en el cáncer.  

 

Sondas para la detección de enzimas activas y click 

 

El desarrollo de sondas basadas en la actividad enzimática (ABP) ha surgido 

como una poderosa técnica para la determinación directa enzimas activas. 

Las ABP se basan en el uso de sondas covalentes dirigida al sitio activo de 

la enzima para informar sobre el estado funcional de las actividades de la 

enzima directamente en los sistemas biológicos nativos. Estas sondas solo 

reconocen la enzima activa, con lo que presentan ventajas sobre la 

inmunodetección, que reconoce también proteínas inactivas. En el campo de 

los SLs, se han descrito algunos ABP dirigidos a la glucosyl hidrolasa acida 

lisosomal en el contexto de la enfermedad de Gaucher. También se han 

publicado dos ABP para el análisis de AC activa. No obstante, ninguno de los 

ABP para AC se han  utilizado en células vivas para controlar la actividad 

enzimática y su distribución intracelular. Además, al carecer de cualquier 

semejanza estructural con la estructura esfingoide, estos compuestos 

pueden ser activos sobre una amplia gama de amidasas de cisteína. 

 

Para el desarrollo de ABP, el concepto de química click es de interés puesto 

que permite efectuar una modificación estructural mínima de la sonda y el 

posterior marcaje de ésta mediante una reacción química bioortogonal con 

un reactivo fluorescente. De entre las distintas reacciones click, la 

cicloadición de Huisgen ha encontrado amplia aplicación, en especial la que 

utiliza ciclooctinos como parejas de reacción. 
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OBJETIVOS  

 

Los objetivos generales del este trabajo fueron: 

 

1. Validar el papel de las dihidroceramidas como mediadores de la 

inducción de autofagia en modelos celulares de cáncer. Para lograr 

este objetivo, se indujo un aumento de los niveles de dhCer mediante 

el uso de dos tipos diferentes de compuestos:  

1) precursores metabólicos y  

2) inhibidores de la Des1 

   

2. Desarrollar una sonda basada en la actividad para la detección de 

ceramidasa ácida. Este objetivo se abordó mediante el uso de 

análogos del SABRAC, ya sean fluorescentes o susceptibles de 

modificación con un fluoróforo mediante química click.  
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RESULTADOS Y DISCUSION 

 

 

1. Validación del papel de las dhCer como mediadoras de la 

inducción de autofagia en modelos tumorales 

 

Una de las acciones de las dhCer más recientemente identificadas es la 

estimulación de la autofagia. La actividad proautofágica de las dhCer se ha 

descubierto mediante el uso de agentes proautofágicos juntamente con el 

análisis de lípidos por espectrometría de masas, que han permitido 

comprobar que la inducción del flujo autofágico mediante determinados 

estímulos ocurría de forma concomitante con una acumulación de dhCer. 

Ensayos más recientes en modelos de ratón con el gen Des1 noqueado han 

generado datos adicionales que apoyan el papel de las dhCer en la 

autofagia. Así, se ha descrito que las células Des1(+/-) muestran altos niveles 

de autofagia dependiente de AMPK y son resistentes a la apoptosis. 

 

Con la finalidad de estudiar el papel de las dhCer como mediadoras de la 

inducción del flujo autofágico y sus consecuencias en modelos tumorales, en 

este trabajo de ha seguido una estrategia dirigida a aumentar los niveles de 

dhCer mediante el uso de dos tipos diferentes de herramientas 

farmacológicas: 1) precursores metabólicos y 2) inhibidores de la Des1. Los 

resultados de la primera aproximación, desarrollada en un estudio conjunto 

con Jéssica González, se han publicado recientemente (Capítulo I de la 

Memoria), mientras que el manuscrito con los resultados de la segunda, 

obtenidos en colaboración con Mireia Casasampere, está en fase de 

preparación (Capítulo II de la Memoria). 

 

En la primera aproximación, se utilizó KSa, el producto de la primera 

reacción de la biosíntesis de novo de los SLs, y su análogo dideuterado en 

C4 (d2KSa) como precursores metabólicos de dhCer. Tanto la KSa como la 

d2KSa se metabolizaron para producir altos niveles de dhSLs en células 

cancerosas HGC27, T98G y U87MG. El uso de d2KSa permitió discriminar 

entre los metabolitos producidos a partir del precursor exógeno y los ya 

presentes en las células en el momento del tratamiento. Además, puesto 
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que las dhCer deuteradas producidas a partir de d2KSa son desaturadas a 

una velocidad muy baja en comparación con las dhCer naturales, esta 

sonda era útil para segregar los efectos causados por dhCer de los 

provocados por las Cer, que no aumentaban en los tratamientos d2KSa, 

pero sí con las exposiciones a KSa.  

 

Es interesante indicar que los productos de fosforilación directa en el 

hidroxilo en C1 o de N-acilación no se detectaron en los extractos lipídicos 

obtenidos a partir de células tratadas con KSa o d2KSa. La explicación más 

plausible es que ambas cetobases son reducidas rápidamente, por lo que no 

se encuentran nunca en cantidades suficientes para su transformación 

mediada por CerS y/o SK. La base libre generada se acila a dhCer, cuyos 

niveles aumentan notoriamente en las células tratadas. 

 

Las 3 células modelo utilizadas respondieron al tratamiento con d2KSa con 

inducción del flujo autofágico al mismo tiempo que experimentaron 

importantes incrementos de Sa/d2Sa, SaP/d2SaP y dhCer/d2dhCer (tanto 

por metabolización del precursor administrado como por disminución de la 

actividad de la Des1), sugiriendo que estas especies son las mediadores de 

la autofagia estimulada por la d2KSa. Existen precedentes bibliográficos de 

inducción de autofagia por dhCer y Sa. En cambio, no se ha descrito la 

implicación de SaP en la activación de autofagia. En nuestro caso, aunque la 

d2SaP también aumenta de forma paralela a la inducción de la autofagia 

por d2KSa en las líneas celulares HGC27 y U87MG, dicho incremento no 

tiene lugar en las células T98G, mientras que la autofagia sí es estimulada 

en estas células. Estos resultados están en contra de la implicación de la 

SaP en la inducción de la autofagia en nuestro modelo de estudio. Aunque 

las Cer y la S1P también han sido descritas como estimuladoras de 

autofagia, estas especies no aumentan en tratamientos con d2KSa, por lo 

que es poco probable que intervengan en la activación del flujo autofágico 

en este modelo experimental. 

 

Aunque la autofagia se activa como respuesta de supervivencia celular a 

estímulos nocivos, un estímulo intenso y/o sostenido puede acabar 

conduciendo a la muerte celular. El papel de los distintos esfingolípidos 
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como mediadores de autofagia citoprotectora o tóxica está poco estudiado y 

es confuso. En nuestro modelo experimental, proponemos que la 

citotoxicidad inducida por la KSa/d2KSa se debe a que el equilibrio entre 

especies protectoras (S1P y algunas especies concretas de dhCer) y 

citotóxicas (d2Sa y algunas especies concretas de dhCer) se inclina hacia 

estas últimas. 

 

En un futuro, se abordará el estudio del papel de cada especie analizando la 

inducción de autofagia mediante d2Ka en condiciones de inhibición de las 

CerS (p. ej. con fumonisina B1), que debería conducir a una acumulación de 

Sa y bajos niveles de dhCer. La contribución de cada especie de dhCer a la 

inducción del flujo autofágico mediante d2KSa se evaluará determinando los 

niveles de LC3-II inducidos por d2Ka en células con cada uno de los genes 

CerS noqueados (siRNA o shRNA). Mediante ensayos de citotoxicidad (p. ej. 

MTT) se determinará el impacto de cada lípido (Sa y distintas especies de 

dhCer) sobre la viabilidad celular. En cuanto a las consecuencias de la 

autofagia, aunque los resultados sugieren que la d2KSa promueve autofagia 

letal, esta hipótesis deberá ser estudiada examinando el destino celular 

después de tratamientos inhibidores de autofagia, ya sea farmacológicos (p. 

ej., 3-metiladenina) o genéticos (p. ej., el silenciamiento de genes 

esenciales para la autofagia, como Agt5 y ATG7). 

 

En la otra aproximación dirigida a estudiar el papel de las dhCer en la 

activación de la autofagia, se utilizaron compuestos inhibidores de la Des1 

(γ-TE, CCX, PXD, RV y XM462), capaces de incrementar los niveles 

intracelulares de dhCer, en las líneas de glioblastoma U87MG y T98G. Todos 

los compuestos, excepto el gamma-tocoferol (γ-T), indujeron el flujo 

autofágico de forma concomitante con la acumulación de dhCer, la cual 

ocurrió por estimulación de la biosíntesis de novo y disminución de la 

actividad Des1. Contrariamente a lo ocurrido con KSa/d2KSa, los 

inhibidores de Des1 no provocaron una acumulación de Sa, sugiriendo que 

las dhCer son las mediadoras de autofagia inducida por estos compuestos. 

Sin embargo, los resultados obtenidos en experimentos de inhibición de la 

serina palmitoiltransferasa (miriocina) y con células deficientes en 

biosíntesis de Cer de novo (U87DND) respaldan que la activación de la 
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autofagia por los inhibidores de la Des1 empleados también ocurre por una 

vía independiente de la acumulación de dhCer. Así, el tratamiento con 

miriocina disminuyó el incremento de dhCer promovido por los compuestos 

en un grado mucho mayor de lo que redujo la inducción de autofagia. En 

segundo lugar, la capacidad de los compuestos para activar la autofagia se 

mantuvo en células con una muy baja capacidad para la biosíntesis de novo 

de la Cer (células U87DND) y, por lo tanto, una baja capacidad de acumular 

dhCer en respuesta a los tratamientos. 

 

En cuanto a las consecuencias de la autofagia dependiente de dhCer, a 

pesar de que todos los compuestos ensayados en este trabajo indujeron 

autofagia y acumulación de dhCer, presentaron diferentes efectos sobre la 

viabilidad celular. Estas diferencias podrían deberse, al menos en parte, a la 

diferente composición en especies de dhCer (con distintos grupos N-acilo) 

producidas como respuesta a los diferentes tratamientos. Curiosamente, el 

PXD y el RV, los compuestos menos tóxicos, produjeron C24:0-dhCer 

preponderantemente, mientras que los tratamientos con γ-TE y CCX, que 

mostraron citotoxicidad más alta que el PXD y el RV, no resultaron en una 

acumulación preferente de C24:0-dhCer, sino que también aumentaron los 

niveles de C16-dhCer y C24:1-dhCer. Estos hallazgos sugerían, 

contrariamente a lo propuesto en la literatura, un papel citoprotector de la 

C24:0-dhCer. En concordancia con esta hipótesis, las células con una 

capacidad reducida para sintetizar dhCer en respuesta a los tratamientos 

(U87DND) resultaron ser más sensibles al RV (14 veces) y el PXD (154 

veces) que las células capaces de biosintetizar Cer de novo (U87MG), 

mientras que la sensibilidad a γ-TE (1,2 veces) y CCX (3,2 veces) resultó 

menos afectada. Sin embargo, los experimentos realizados para confirmar 

la capacidad citoprotectora de la C24:0-dhCer (p. ej. exposición a una 

dihidroceramida de desaturación lenta o silenciamiento transitorio del gen 

CerS2) condujeron a resultados no concluyentes. Para seguir evaluando el 

posible papel citoprotector de la C24:0-dhCer, planeamos determinar el 

efecto de los compuestos sobre la viabilidad celular en células U87MG en las 

que el gen CerS2 esté silenciado de forma estable (shRNA) y en células 

U87DND que sobreexpresen la CerS2, así como en clones de U87MG con el 

gen Atg5 silenciado de forma estable (shRNA). 
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Puesto que se ha descrito que las dhCer contrarrestan los efectos de las 

Cer, otra posibilidad es que el destino celular (muerte o supervivencia) no 

se vea afectado por la magnitud del aumento de los niveles de dhCer, sino 

por las proporciones de dhCer respecto a Cer (relaciones dhCer/Cer) 

resultantes en las células después del tratamiento. El análisis jerárquico de 

estas relaciones para las especies con distintos grupos acilo indicó que con 

los compuestos no tóxicos (RV y PXD), las relaciones dhCer/Cer para 

especies de cadena corta eran más bajas que con los compuestos tóxicos 

(CCX y γ-TE), siendo la diferencia especialmente relevante para el caso de 

las especies de C18. De acuerdo con precedentes bibliográficos que 

describen que las distintas formas aciladas de las Cer y las dhCer pueden 

presentar disparidad de actividades, esta diferencia en los cocientes 

dhCer/Cer puede explicar la distinta toxicidad de los compuestos 

estudiados. Experimentos similares a los propuestos al final del párrafo 

anterior permitirán concluir la veracidad de esta hipótesis. 

 

En este punto cabe indicar que los datos disponibles hasta el momento no 

permiten concluir que la autofagia dependiente de dhCer esté implicada en 

la diferente sensibilidad de las células a los compuestos de ensayo. Los 

experimentos efectuados hasta ahora para resolver esta incógnita 

(silenciamiento de los genes beclina 1 o Atg7) no han dado resultados 

satisfactorios debido a problemas experimentales (p. ej. citotoxicidad de los 

agentes de transfección transitoria (lipofectamina 2000 y dharmafect). Una 

alternativa prevista es recurrir al silenciamiento estable de genes esenciales 

para la autofagia, así como la inhibición farmacológica de la misma con 3-

metiladenina y determinar el impacto de estas intervenciones sobre el 

efecto de los compuestos sobre la viabilidad celular. Estos estudios 

permitirán concluir si la diferencia de sensibilidad de las células a los 

inhibidores de la Des1 tiene relación con la inducción de autofagia 

promovida por los mismos. 

 

Por lo que respecta a la autofagia independiente de dhCer, las células 

deficientes en la formación de dhCer y con una menor capacidad para 

inducir autofagia (U87DND-shAtg5) fueron significativamente más 
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resistentes a CCX, PXD y RV que las células control (U87DND-shC), que son 

deficientes en la formación de dhCer pero con capacidad de activar 

autofagia. Estos resultados apoyan que la CCX, PXD y RV inducen autofagia 

independiente de dhCer que conlleva a la muerte celular. Por el contrario, la 

sensibilidad frente al γ-TE fue similar en ambas líneas celulares, lo que 

sugiere que, en nuestras condiciones experimentales, la autofagia desligada 

de dhCer y la citotoxicidad del γ-TE son procesos independientes. 

 

Finalmente, experimentos adicionales previstos para confirmar la acción 

pro-autofágica de las dhCer incluyen la demostración de que el 

silenciamiento genético estable de la Des1 induce autofagia (los 

experimentos de silenciamiento transitorio no han resultado concluyentes 

debido a los altos niveles de autofagia basal detectados en las células 

sometidas a transfecciones con siRNA control). 

 

En general, teniendo en cuenta los datos descritos en la literatura y los 

resultados obtenidos en los capítulos I y II de esta tesis, proponemos que la 

Sa y las dhCer activan el flujo autofágico en nuestros modelos de estudio. El 

destino celular final depende del balance entre SLs protectores (algunas 

especies de Cer y dhCer) o citotóxicos (Sa y algunas especies de Cer y 

dhCer) en compartimentos subcelulares concretos. Además, las 

proporciones entre especies de dhCer y Cer con grupos N-acilo específicos 

también pueden influir en el destino celular final. Además de activar la 

autofagia de forma dependiente de Sa/dhCer, los inhibidores de la Des1 

inducen autofagia a través de vías independientes de Sa/dhCer. En este 

caso, el resultado de la autofagia depende también del balance entre las 

dos vías (Figura 12). 



	 183	

 
 

Figura 12. Hipótesis sobre el modo de acción de los compuestos utilizados en esta 
tesis como inductores de autofagia y el resultado de ésta sobre el destino celular. 
 

 

2. Sondas basada en la actividad para la detección de Ceramidasa 

ácida (AC) en extractos de proteínas y en células intactas 

 

La ceramidasa ácida (AC) es el enzima responsable de la hidrólisis de Cer 

en So y un ácido graso. La actividad de este enzima se encuentra alterada 

en la enfermedad de Farber, una enfermedad lisosomal que se produce 

debido a una actividad deficiente de la AC causando acumulación de Cer en 

el lisosoma y la muerte de los pacientes afectados en los primeros años de 

vida. 

 

Aparte de su implicación en esta enfermedad lisosomal, la AC parece tener 

también un papel muy importante en la progresión de ciertos tipos de 

cáncer, en los que se ha detectado niveles elevados de expresión de AC que 

tienen como resultado una disminución de los niveles de Cer y por lo tanto 

una menor tasa de apoptosis celular. 

 

En las últimas décadas, se han descrito diferentes inhibidores de la AC. Sin 

embargo, la mayoría de estos compuestos, como NOE, DM102 o D-e-MAPP 

presentan baja potencia y selectividad. El primer inhibidor potente y 

selectivo de AC fue SABRAC, reportado por Camacho et al. SABRAC es un 
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análogo de la dihidroceramida que contiene una α-bromo cetona en el 

enlace amida y que inhibe la AC a concentraciones nanomolares (IC50 de 52 

nM). Con el objetivo de explorar más el potencial de amidas α-halógenas 

como inhibidores de la AC, diferentes análogos SABRAC fueron sintetizados 

y su actividad se investigó usando un método descrito anteriormente por 

Bedia et al. y que se basa en la utilización de un substrato fluorogénico. 

 

Los  análogos preparados incluyen el SOBRAC  que contiene un doble enlace 

trans en la posición 4,5, el cis-SOBRAC con un doble enlace cis en la misma 

posición y las α cloroamides SACLAC y SOCLAC. Como se puede ver en la 

Tabla 4, el SOBRAC fue el inhibidor más potente y la sustitución del bromo 

por un cloro resultó en una ligera disminución de la actividad. Además, se 

sintetizaron dos sondas adicionales derivadas de SOBRAC, la N3C14SOBRAC 

y el Bodipy-SOBRAC. El primero de estos compuestos presenta un grupo 

azida que permite el marcaje selectivo a través de reacciones biortogonales 

mientras que el segundo contiene un fluoróforo que permite la visualización 

directa de la enzima. La incorporación de éstos grupos funcionales  no 

afectaron la inhibición de AC. De hecho, el N3C14SOBRAC llegó a ser el 

inhibidor más potente (IC50 = 3.3 nM), mientras que con la introducción del 

fluoróforo Bodipy se obtuvo un inhibidor de potencia comparable al original 

(IC50 = 19.5 nM). 

 

Table 4. Inhibición de AC por 2-haloacetamidas 

Inhibidor IC50 

SABRAC 52.0 nM 

SOBRAC 15.9 nM 

Cis-SOBRAC 60.4 nM 

SACLAC 46.7 nM 

SOCLAC 25.9 nM 

N3C14SOBRAC 3.3 nM 

Bodipy-SOBRAC 19.5 nM 

 

Una vez determinados los valores de IC50, se procedió a investigar el modo 

de acción de estos inhibidores. SABRAC, SOBRAC y N3C14SOBRAC fueron 

diseñados como análogos de ceramida que contienen una α-bromo cetona 
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por lo que se espera que reaccionen específicamente con la cisteína 

catalítica Cys-143 de la AC. Por este motivo, en un primer estudio se 

investigó  la modificación covalente de la Cys-143 tras incubación con los 

inhibidores descritos usando una proteína humana recombinante de AC 

(rhAC fue obtenida del Dr. E. Schuchmann).  

 

Con este fin, la rhAC se incubó con SABRAC, SOBRAC y N3C14SOBRAC y 

después de la digestión tríptica de la proteína, los péptidos resultantes se 

analizaron mediante espectrometría de masas. Tal como se esperaba, se 

pudo detectar el péptido CTSIVAEDK modificado con el inhibidor 

correspondiente en cada uno de los casos mientras que en las incubaciones 

control, realizadas en ausencia de inhibidores, solo se pudo detectar el 

péptido no modificado. Estos resultados confirmaron que los inhibidores 

desarrollados pueden ser usados como sondas basadas en la actividad para 

el estudio de la AC. 

 

Una de las aplicaciones mas importantes de las ABP es su capacidad para  

evaluar la función de enzimas directamente en sistemas vivos. Además, 

aunque las ABP se diseñaron inicialmente para unirse a un gran número de 

enzimas mecanísticamente similares, actualmente los trabajos con nuevas 

ABP suelen ir dirigidos al desarrollo de sondas selectivas que permitan la 

caracterización de enzimas específicas. 

 

Las sondas ABP suelen compartir una serie de características, incluyendo 

una alta actividad y especificidad frente a otras enzimas, propiedades 

farmacocinéticas adecuadas que aseguren la permeabilización celular y la 

presencia de grupos funcionales que permitan  la identificación o la 

visualización de la enzima marcada, ya sea de forma directa o mediante el 

uso reacciones bioortogonales. Los análogos de SOBRAC descritos en este 

trabajo cumplen con todos estos requisitos: son inhibidores potentes y 

selectivos de la AC, presentan buena permeabilidad de membrana y pueden 

ser marcados con fluoróforos o azidas al tiempo que conservan su actividad. 

Así pues, nuestros estudios se dirigieron a explorar el uso de N3C14SOBRAC  

y Bodipy-SOBRAC como ABP para caracterizar la actividad y la localización 

de la AC en células. 
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En primer lugar, comprobamos la utilidad de los inhibidores modificados 

mediante su capacidad de marcar la proteína pura recombinante (rhAC). En 

un primer paso la proteína recombinante se incubó con N3C14SOBRAC y 

posteriormente se trató con un ciclooctino fluorescente DBCO-PEG5/6-

TAMRA, para conseguir el marcaje fluorescente de la proteína mediante una 

cicloadición entre la azida y el ciclooctino que no requiere la presencia de Cu 

(I)  como catalizador, strain-promoted alkyne azide cycloaddition (SPAAC).  

 

Una vez optimizadas las concentraciones y tiempos de incubación tanto 

como con el N3C14SOBRAC como con el DBCO-PEG5/6-TAMRA, se pudo 

detectar con éxito el marcaje de la rhAC  por análisis de fluorescencia en gel 

y la identidad de la banda fluorescente detectada (~40 kDa) pudo ser 

confirmada por Western blot utilizando anticuerpos anti-ASAH1. Por otra 

parte, se realizaron experimentos de competición con la incubación previa 

de la proteína con N-acetilesfingosina (C2Cer) que resultaron en una 

reducción de la intensidad de la banda detectada que dependía de la 

concentración usada, lo que indica la especificidad de la reacción. 

 

Posteriormente, el marcaje de AC se investigó usando lisados celulares de la 

línea celular de melanoma A375 que sobreexpresan AC tras el tratamiento 

con doxiciclina. Así pues, en un primer estudio los lisados celulares se 

incubaron con N3C14SOBRAC durante 5 min y pasado este tiempo se 

añadió DBCO-PEG5/6-TAMRA a diferentes concentraciones. Los resultados 

obtenidos indicaron que las condiciones óptimas para el marcaje de la AC 

fueron bajas concentraciones y cortos tiempos de reacción. Concentraciones 

más elevadas o tiempos más largos de tratamiento provocaron la aparición 

de bandas de proteínas adicionales. 

 

 Los ciclooctinos utilizados para el marcaje mediante SPAAC pueden 

reaccionar de forma no específica con tioles celulares. Estudios anteriores 

han indicado que tratamientos previos de los lisados con iodoacetamida 

(IAA) antes de la incubación con DBCO-PEG5/6-TAMRA son beneficiosos 

para reducir el marcaje no específico de este tipo de ciclooctinos. 

Efectivamente, cuando los estudios se hicieron introduciendo un paso de 



	 187	

bloqueo de tioles celulares con IAA, el marcaje con DBCO-PEG5/6-TAMRA 

resultó más específico mostrando solo una banda de proteína que 

correspondía a la AC. Además, la especificidad del marcaje de AC se 

confirmó por la desaparición de la banda en lisados celulares que no 

sobreexpresan AC (no tratados con doxiciclina) y en estudios de 

competencia mediante preincubación con  SOBRAC. 

 

El empleo del derivado de SOBRAC modificado con un fluoróforo permitiría 

el marcaje directo de la enzima sin el uso de reacciones de secundarias. 

Con este fin, el marcaje in situ de AC fue hecho en lisados de células  de 

melanoma A375 que sobreexpresan la AC utilizando el SOBRAC modificado 

con el fluoróforo Bodipy (Bodipy-SOBRAC). Los estudios se realizaron 

utilizando diferentes dosis y tiempos de incubación y los resultados 

indicaron claramente que el marcaje específico de la AC se producía a 

concentraciones de sonda 1 µM y después de tan sólo 5 min de incubación. 

Concentraciones más altas y tiempos de reacción más largos tuvieron que 

ser descartados porque llevaron a el marcaje inespecífico de otras proteínas 

celulares. Una vez más, el marcaje específico de AC se comprobó mediante 

la preincubación con un SOBRAC no marcado antes de la adición del Bodipy-

SOBARC y con la ausencia en los geles de la banda correspondiente a la AC 

en células A375 que no sobreexpresan la enzima (células no inducidas con 

doxiciclina), indicando así que el marcaje observado con Bodipy-SOBRAC  

es específico y puede ser por tanto pueden empleado para la visualización 

directa de AC. 

 

De manera similar, se estudió el marcaje de la AC con Bodipy-SOBRAC en 

células derivadas de enfermos de Farber (FD) que por lo tanto carecen de 

AC activa, y en células derivadas de enfermos de Farber pero que 

sobreexpresan la AC (FD/AC). Teniendo en cuenta que el Bodipy-SOBRAC 

es una ABP y por lo tanto solo puede reaccionar con proteína activa, se 

esperaría la aparición de la banda marcada correspondiente a la AC en las 

células FD/AC mientras que ésta no debería estar presente en las células de 

enfermos de Farber, que no presentan actividad AC. Efectivamente, el 

tratamiento de las células con una concentración 0.5 µM permitió el marcaje 

selectivo de las células FD/AC frente a las FD y además este marcaje de la 
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proteína AC disminuyó de manera dosis-dependiente cuando las células 

fueron previamente tratadas con un SABRAC no fluorescente. 

 

Después de estos resultados obtenidos tanto con proteína pura como con 

lisados celulares, se pasó al estudio del Bodipy-SOBRAC como ABP para la 

visualización de la AC en células intactas. Con esta intención se trataron 

células de melanoma A375 que sobreexpresan la AC con un marcador de 

lisosomas (Lysotracker) y con Bodipy-SOBRAC (1 µM), obteniéndose un 

gran grado de colocalización de ambos fluoróforos, indicando una reacción 

mayoritaria de Bodipy-SOBRAC una proteína lisosomal. En cambio, cuando 

las células fueron pretratadas con SOBRAC antes de la adición del Bodipy-

SOBRAC, se redujo de manera considerable el marcaje de los lisosomas así 

como la colocalización entre ambos fluoróforos. 

 

En resumen, en este apartado del trabajo se ha presentado el estudio de la 

actividad de diferentes análogos de SABRAC. Estos compuestos son 

inhibidores potentes de la AC y además presentan diferentes grupos 

funcionales (un grupo azido en N3C14SOBRAC o un fluoróforo en Bodipy-

SOBRAC) que permiten su uso como ABP.  

 

Se ha demostrado también que estas sondas pueden ser empleadas con 

éxito para el marcaje de una proteína AC recombinante, así como para el 

marcaje de AC en lisados celulares. El análogo N3C14SOBRAC tiene una 

estructura que se asemeja más a la Cer sustrato pero requiere de un paso 

adicional de marcaje que en este caso fue realizado con DBCO-PEG5/6-

TAMRA que permite la reacción click en ausencia de cobre. El análogo 

Bodipy-SOBRAC permite el marcaje directo de AC y se ha demostrado su 

aplicación tanto en células de melanoma A375 como en células de Farber 

que sobreexpresan AC. En ambos casos, el marcaje selectivo de la proteína 

AC depende de la presencia de proteína activa y su especificidad se ha 

demostrado tras estudios  de competición mediante pretratamiento con un 

SOBRAC no fluorescente. Finalmente, se ha realizado el marcaje de la 

proteína AC en células intactas demostrando que el tratamiento de las 

células con Bodipy-SOBRAC provoca una importante colocalización de la 

fluorescencia del Bodipy-SOBRAC y del marcador lisosomal Lysotracker, 
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indicando así la reacción mayoritaria de la sonda desarrollada con una 

proteína lisosomal. Además, este colocalización se pierde al preincubar las 

células con un SOBRAC no fluorescente que actúa bloqueando los centros 

activos de la proteína y por lo tanto impidiendo el posterior marcaje con 

Bodipy-SOBRAC, lo que  indica la selectividad de la sonda empleada. 

 

CONCLUSIONES  

 

CAPÍTULO I  

 

1. La 3-cetosphinganina (KSa) y su análogo dideuterado en la posición 

C4 (d2KSa) son metabolizados por las células HGC27, T98G y U87 

dando lugar a un incremento importante en los niveles de 

dihidroesfingolípidos. En cambio, la metabolización de KSa y d2KSa 

por fosforilación del hidroxilo presente en la posición C1 o por 

acilación de la amina libre no ha podido ser detectada 

 

2. Las células responden al tratamiento con d2KSa con una inducción de 

la autofagia. Experimentos relizados a diferentes tiempos de 

tratamiento suguieren que la esfinganina, la esfinganina-1-fosfato y 

la dihidroceramida son probablemente los mediadores de la autofagia 

producida tras el tratamiento con d2KSa 

 

3. Estudios realizados con inhibidores enzimáticos indican que la 

inhibición de la Des1 observada con estas 3-cetobases es causada 

por su metabolización a dihidroceramida. De todas maneras, este 

efecto contribuye solo al aumento de los niveles de 

dihidroesfingolípidos que se producte tras tiempos cortos de 

incubación ya que las células responden a tratamientos más largos 

con una sobreexpresión de la dihidroceramida desaturasa Des1 

 

CAPÍTULO II 

 

1. Los compuestos CCX, PXD, RV, γ-TE y XM462, pero no γ-T, inhiben la 

actividad de la Des1. En el caso de CCX, PXD, RV y XM462, la 
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inhibición de Des1 occure a nivel de proteína o mediante interacción 

con la cadena de transporte electrónica asociada a Des1. En cambio, 

el tratamiento con γ-TE produce una reducción de la actividad Des1 

afectando a su expression (análisis de los niveles de mRNA realizado 

por qPCR) 

 

2. En células U87MG y T98G, los compuestos CCX, RV, PXD, γ-TE y 

XM462, pero no γ-T, causan un incremento de los niveles de 

dihidroesfingolípidos, siendo la acumulación de dhCer la más 

importante. Este aumento se produce mediante tanto la estimulación 

de la síntesis de novo como por la disminución de la actividad Des1 

 

3. En las células U87MG y T98G derivadas de glioblastomas humanos, 

los compuestos CCX, RV, PXD, γ-TE y XM462, pero no γ-T, producen 

una estimulación del flujo autofágico tal como se puede concluir de 

los estudios realizados mediante análisis de Western blot de la 

proteína LC3-II como tras la detección de los autofagosomas  

mediante técnicas de immunofluorescencia 

 

4. En las células U87MG y T98G derivadas de glioblastomas humanos 

los compuestos CCX, RV, PXD, γ-TE y XM462 inducen autofagia 

dependiente e independientemente de los níveles de dhCer, como se 

puede concluir de los resultados obtenidos tras el bloqueo de la 

actividad Serina palmitoil trasnferasa (tratamientos con Miriocina) o 

de los estudios realizados en células con una síntesis deficiente de 

dhCer de novo  

 

5. La autofagia independiente de dhCer puede provocar la muerte 

cellular en tratamientos con CCX, PXD y RV, tal como sugieren los 

estudios realizados en células que presentan el gen Atg5 silenciado. 

En cambio, la autofagia independiente de dhCer no parece participar 

en la muerte cellular producida por γ-TE en las condiciones 

experimentales utilizadas para este ensayo 
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6. Las células U87DND-shC son más sensibles a RV y PXD que las 

células U87MG que presenta unos niveles normales de síntesis de 

novo de ceramida Estos resultados sugieren que la incapacidad de 

U87DND-shC para responder al tratamiento con RV y PXD con un 

aumento de los niveles de dhCer las hace más sensibles a este 

tratamiento. Además RV and PXD producen preferentemente C24:0 

dhCer, lo que indicaría un papel citoprotector de las dhCer de cadena 

larga. Estos resultados necesitan ser confirmados con estudios 

adicionales 

 

7. Proponemos que los compuestos pro-autofágicos inhibidores de la 

Des1 (DIPACS) actúa sobre las vías dependientes e independientes 

de dhCer y que el equilibrio entre ambas, así como entre la relación 

dhCer/Cer aciladas tiene un papel muy importante en la respuesta de 

la célula 

 

CAPITULO III 

 

1. α-haloacetamidas derivadas de esfinganina y esfingosina han 

resultado ser inhibidores selectivos y potentes de la AC. El 

N3C14SOBRAC es el inhibidor más potente con una IC50 de 3.3 nM 

 

2. La inhibición de la AC producida por los análogos de ceramida que 

contienen una α-haloacetamida se produce mediante la reacción 

covalente con una la cisteína 143 de la AC 

 

3. La AC activa puede ser detectada mediante fluorescencia en gel 

utilizando concentraciones submicromolares de una sonda marcada 

con fluorescencia (Bodipy-SOBRAC) o con un SOBRAC que contienen 

un grupo azida (N3C14SOBRAC) que permite el posterior marcaje 

mediante una cicloadición independiente de Cobre con un with 

ciclooctino marcado con el fluorofor TAMRA (DBCO-PEG5/6-TAMRA). 

Las mejores condiciones de marcaje se producen tras tiempos de 

incubación cortos. Además el marcaje se reduce cuando la proteína 
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es tratada previamente con sondas no marcadas (C2Cer or SOBRAC) 

y se elimina completamente cuando se utiliza enzima desnaturalizada 

 

4. La proteína AC puede visualizarse en células vivas mediante 

incubación con el Bodipy-SOBRAC. Siguiendo este protocolo, células 

de melanoma A375 que sobreexpresan la AC, se marcan 

selectivamente con Bodipy-SOBRAC y el marcaje de la sonda 

colocaliza con el marcador de lisosomas Lysotracker. Además, la 

intensidad de la fluorescencia se reduce considerablemente cuando 

las células se preincuban con un SOBRAC no fluorescente o cuando se 

utilizan células que no sobreexpresan la AC. Teniendo en cuenta 

todos estos resultados, el Bodipy-SOBRAC puede ser considerado una 

herramienta muy útil para la identificación directa así como para la 

cuantificación de la actividad de la AC en células vivas  
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A B S T R A C T

Dihydroceramide desaturase (Des1) is the last enzyme in the de novo synthesis of ceramides (Cer). It
catalyzes the insertion of a double bond into dihydroceramides (dhCer) to convert them to Cer, both of
which are further metabolized to more complex (dihydro) sphingolipids. For many years dhCer have
received poor attention, mainly due to their supposed lack of biological activity. It was not until about ten
years ago that the concept that dhCer might have regulatory roles in biology emerged for the first time.
Since then, multiple publications have established that dhCer are implicated in a wide spectrum of
biological processes. Physiological and pathophysiological functions of dhCer have been recently
reviewed. In this review we will focus on the biochemical features of Des1 and on its inhibition by
different compounds with presumably different modes of action.

ã 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Sphingolipids (SLs) are the second largest class of membrane
lipids and thousands of distinct species have been identified
(Merrill, 2011). They have a diverse range of functions related to
cell survival, membrane integrity, metabolic regulation, and
general adaptations to cellular stressors (Siddique et al., 2015).
Biosynthesis of SLs consists of a highly conserved sequence of
enzymatic reactions that take place in different intracellular
compartments (Morad and Cabot, 2013). The biosynthesis de novo
occurs in the endoplasmic reticulum (ER) and starts with the
condensation of L-serine with palmitoyl-CoA to give 3-ketodihy-
drosphingosine in a reaction catalyzed by serine palmitoyl
transferase. By the action of a reductase, 3-ketodihydrosphingo-
sine is reduced to dihydrosphingosine (dhSo), which is N-acylated
to dihydroceramides (dhCer) by specific ceramide synthases of

different chain length specificities. The oxidation of dhCer to
ceramide (Cer) by dihydroceramide desaturase 1 (Des1) is the last
step of this biosynthetic pathway. Cer, and, to a lesser extent, dhCer
are further metabolized to complex SLs, such as (dihydro)
sphingomyelins and (dihydro) glycosphingolipids (Fig. 1) (Morad
and Cabot, 2013).

The search for the term dihydroceramide in the PubMed
database retrieves 541 papers, 56% of them being published in the
last 10 years (Fig. 2). Among the above papers, 44 are reviews,
although only 3 of them are devoted to dhCer (Fabrias et al., 2012;
Rodriguez-Cuenca et al., 2014; Siddique et al., 2015). The growing
interest on dhCer is indubitable as shown by the fact that the last
two reviews have been published in 2015. Our previous review
(Fabrias et al., 2012) dealt with Des1 biochemistry and mode of
action and the biological functions of dihydrosphingolipids. In
their review, Rodríguez-Cuenca and coworkers describe the
function of Des1 and its dysregulation by factors such as oxidative
stress, hypoxia and inflammation, and present pathological
scenarios characterized by specific increases in dhCer (Rodri-
guez-Cuenca et al., 2014). On the other hand, the uncovered roles of
dhCer in autophagy, hypoxia, and cellular proliferation and its
implication in the etiology, treatment, or diagnosis of diabetes,
cancer, ischemia/reperfusion injury, and neurodegenerative dis-
eases have been summarized by Siddique et al. 2015. Given that the
description of the physiological and pathological roles of dhCer has
been extensively discussed the last two outstanding reviews, the

Abbreviations: Cer, ceramide(s); 4-HPR, N-(4-hydroxyphenyl)retinamide or
fenretinide; Ab, amyloid b peptides; DEGS1, drosophila degenerative spermatocyte
1; DEGS2, drosophila degenerative spermatocyte 2; Des1, dihydroceramide
desaturase 1; Des2, dihydroceramide desaturase 2; dhCer, dihydroceramide(s);
dhSo, dihydrosphingosine; ER, endoplasmic reticulum; HIV-1, human immunode-
ficiency virus 1; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B
cells; ROS, reactive oxygen species; S1P, sphingosine 1-phosphate; SLs, sphingo-
lipids; THC, D9-tetrahydrocannabinol; TRB3, tribbles-related protein 3.
* Corresponding author.
E-mail address: fina.casas@iqac.csic.es (J. Casas).
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present one will mainly focus on Des 1 inhibitors and the biological
consequences of blocking Des1 activity.

2. Dihydroceramide desaturases

The gene encoding for Des1 was first cloned in 1996 from
Drosophila melanogaster, and it was given the name“drosophila
degenerative spermatocyte 1” or DEGS1 (Endo et al., 1996). One
year later, Cadena et al. 1997 demonstrated that the DEGS1 gene
product was a membrane bound desaturase and found that its
overexpression inhibited epidermal growth factor receptor bio-
synthesis. Despite the importance of this receptor in several
malignancies, this finding has not been further investigated.
Currently, the dihydroceramide desaturase gene is known as either
DES1 or DEGS1. Ternes et al. 2002 identified a Des1 homologue,
namely Des2, as a bifunctional enzyme with dihydroceramide C4-
desaturase and C-4-hydroxylase activities. This enzyme is respon-
sible for the biosynthesis of glycosphingolipids containing
4-hydroxysphinganine in the small intestine (Omae et al., 2004).

Thus, while Des1 exhibits high dihydroceramide C4-desaturase
and very low C-4 hydroxylase activities, Des2, the product of the
gene DEGS2 or DES2, exhibits bifunctional sphingolipid
C-4 hydroxylase and C4-desaturase activities (Ternes et al.,
2002). The tissue distribution profile of both enzymes is
considerably different. Des1 is ubiquitously distributed, whereas
Des2 is preferentially expressed in small intestine, skin and kidney
(Fabrias et al., 2012), where the production of phytoceramides is
essential.

A few lines of evidence demonstrate that Des1 is regulated by
fatty acids. Thus, Rioux and co-workers (Rioux et al., 2011) showed
that myristoylation of Des1 increases the enzyme activity
(Beauchamp et al., 2007; Ezanno et al., 2012) and alters its
subcellular localization, targeting the enzyme from the ER to the
mitochondrial outer membrane, wherein causes an increase in Cer
levels that in turn leads to apoptosis (Beauchamp et al., 2009). The
recombinant non myristoylable mutant form of Des1, on the
contrary, is almost completely absent in mitochondrion (Beau-
champ et al., 2009). Another fatty acid, palmitic acid, increases
mRNA encoding DES1 leading to increased Cer synthesis de novo. In
contrast, co-treatment with oleate prevented the increase in
ceramide, and this occurred through attenuation of the increase in
message and activity of Des1. These findings provide insight into
the mechanisms of oleate-mediated protection against metabolic
disease and provide novel evidence for fatty acid-mediated
regulation of Des1 (Hu et al., 2011). From the biochemical point
of view, studies carried out in the late 90s demonstrated that
Des1 requires NADPH (Geeraert et al., 1997) or NADH (Michel et al.,
1997) as electron donor and oxygen as electron acceptor. The
electron provided by NAD(P)H is sequentially transported from the
cofactor to NADH-cytochrome b5 reductase, cytochrome b5, and
the terminal desaturase, which reduces oxygen to water and
oxidizes dhCer to Cer (Fig. 3). A similar mechanism was proposed
by Enomoto et al. 2006 for the hydroxylation reaction catalyzed by
Des2. Oxygen-dependence explains that both Des1 and Des2 are

Fig.1. Biosynthesis de novo of sphingolipids.

Fig. 2. Number of articles retrieved from PubMed by searching for the term
dihydroceramide.

Fig. 3. Dihydroceramide desaturase enzymatic complex.
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up-regulated under hypoxia to cope with the decreased enzyme
activity and the consequent raise in dhCer production (Devlin et al.,
2011).

Both enzymes, Des 1 and Des2, are active over a broad pH range
(6.5–9), being optimal at around pH 8.5 (Geeraert et al., 1997).
Regarding to the substrate stereochemistry, desaturation of the
D-erythro-isomer by Des1 is much faster than that of the L or D-
threo-isomers. Other factors that influence the enzymatic activity
are the length of the alkyl chains of the amide-linked fatty acid
(Fabrias et al., 2012). Mechanistically, the desaturation reaction
catalyzed by Des1 is presumably initiated by an enzyme-bound
iron-oxo species (Buist, 2004) that abstracts specifically the C-4
pro (R)-hydrogen atom from the substrate (Beckmann et al., 2003;
Savile et al., 2001). This is a highly energetically demanding C–H
cleavage associated with a large kinetic isotope effect. This first
oxidation is followed by the fast, isotopically insensitive elimina-
tion of the pro-(S) hydrogen atom at C-5 (Beckmann et al., 2003;
Savile et al., 2001) to give the final Cer.

3. Biological activities of dihydroceramides

As compared to Cer, sphingomyelins or glycosylceramides, the
absence of the double bond in dhCer, dihydrosphingomyelins or
glycosyldihydroceramides markedly alters the biophysical proper-
ties of the molecules, modifying their elastic properties and
packing behavior (Brockman et al., 2004). Many articles published
over the years claimed that dhCer were inactive or ineffective lipid
mediators in a wide range of biological responses such as platelet
aggregation, cell growth, DNA damage, regulation of ion channels,
and inhibition of insulin signaling and glucose uptake. As a result of
these observations, the dogma emerged that dhCer are the
biologically inactive counterparts of Cer. In 2006 this dogma
started to be questioned. Thus, Stiban et al. showed the capacity of
dhCer to inhibit channel formation induced by Cer in mitochondria
thus inhibiting the release of apoptogenic molecules and the
apoptotic cell death. Their results led the authors to suggest that
dhCer might mitigate the apoptotic effect of Cer (Stiban et al.,
2006). At the same time, the development of liquid chromatogra-
phy coupled to mass spectrometry techniques allowing to
differentiate between Cer and dhCer aided to reveal biological
activities of dhCers. In a seminal work, Merrill’s group profiled the
SL of DU145 human prostate cancer cells treated with fenretinide
(4-HPR) (see below) (Zheng et al., 2006). In this study, the authors
showed that 4-HPR caused a buildup of dhCer instead of an
accumulation of Cer, as previously reported. In the following years,
the number of publications dealing with the implication of dhCer
in a multitude of physiological or pathological events has been
continuously growing. The biological roles of dhCer have been
recently examined in two excellent reviews (Rodriguez-Cuenca
et al., 2014; Siddique et al., 2015).

A recent novel activitity for Des1 has been recently reported by
Kaylor et al. 2013. These authors performed a high-throughput
expression screen using an abundance-normalized cDNA library
from chicken neural retinas in order to identify a second retinol
isomerase activity present in cone-dominant retinas from chickens
(Mata et al., 2005). They screened the different clones for
isomerase-2 activity and found out that Des1 also catalyzed the
equilibrium isomerization of retinol. Addition of all-trans-retinol
to homogenates of primary cultured chicken Müller cells, which
express Des 1, to Des 1-expressing 293T cell homogenates or to
purified Des1 expressed in Escherichia coli resulted in the
formation of (cis)-11-retinol, (cis,cis)-9,13-retinol, (cis)-9-retinol
and (cis)-13-retinol at ratios similar to those seen after iodine-
catalyzed retinoid equilibration. The rate of Des1-catalyzed retinol
equilibration was very high. Moreover, the Des1 isomerase activity
was shown to be inhibited by known inhibitors of Des1, like

GT11 or 4-HPR (see below). Within the neural retina, Des1 is
expressed in Müller cells, the site of the proposed alternative visual
cycle. Des1 is also expressed in the retinal pigment epithelium,
where it may augment synthesis of cis-11-retinol. As mentioned
above, Des1 is expressed in multiple tissues that contain large
amounts of sphingolipids and Des1 may function primarily as a
lipid desaturase. However, cis-9-retinoic acid is also present in
multiple tissues, where it binds with high affinity to both retinoic-
acid and retinoid-X receptors. By producing (cis)-9-retinol, which
can be readily converted to (cis)-9-retinoic acid, Des1 is the only
known source of 9-cis-retinoids in vertebrates. The authors suggest
that Des1, by means of its isomerase-2 activity, may play a role in
nonvisual processes such as cell growth, differentiation, apoptosis
and malignant transformation by contributing to the synthesis of
(cis)-9-retinoic acid (Kaylor et al., 2013).

Studies carried out in DES1 knockout mice have clearly
illustrated that the removal of the single double bond on the
sphingosine backbone of SLs has enormous consequences on cell
function. Although the homozygous DES1-null mice were viable,
they failed to thrive and had numerous health abnormalities, dying
within the first 8-weeks of age (Holland et al., 2007). In contrast,
the heterozygous mice were viable with normal Mendelian birth
rates. Lipid analysis revealed that DES1 heterozygous mice showed
higher dhCer/Cer ratios in multiple organs. Importantly, these mice
are protected from glucocorticoid-, saturated fat- and obesity-
induced insulin resistance (Holland et al., 2007), as well as from
diet-induced hypertension (Zhang et al., 2012). Moreover, cells
from DES1 null mice were resistant to apoptosis, and, although
they exhibited a remarkably strong activation of protein kinase B,
they showed high levels of autophagy. The latter resulted from
activation of AMP-activated protein kinase. Therefore, ablation of
DES1 simultaneously stimulates anabolic and catabolic signaling
through activation of protein kinase B and AMP-activated protein
kinase pathways, respectively (Siddique et al., 2013). Activation of
pro-survival and anabolic signaling intermediates provided
protection from apoptosis caused by etoposide (Siddique et al.,
2012).

On the other hand, heterozygous deletion of DES1 prevented
vascular dysfunction and hypertension in mice after high-fat
feeding. These findings were recapitulated in isolated arteries in
vitro, confirming that Cer impairs endothelium-dependent vaso-
relaxation in a tissue-autonomous manner. Mechanistic studies
showed the involvement of protein phosphatase 2A-mediated
disruption of the endothelial nitric oxide synthase/protein kinase
B/heat shock protein 90 signaling complex. These results provide
important insight into a pathway that represents a novel target for
reversing obesity-related vascular dysfunction (Zhang et al., 2012).

Collectively, the above studies, together with those compiled in
recent reviews (Rodriguez-Cuenca et al., 2014; Siddique et al.,
2015), underscore the importance of dihydrosphingolipids in cell
biology. Continued research on the biological function of these
molecules may uncover novel therapeutic opportunities by
modulating the Des1 enzyme. Upregulation of Des1 has been
reported to occur by saturated fatty acids and anoxia (see above),
while decreasing Des1 activity can be achieved with specific site
directed inhibitors and certain drugs and natural compounds with
Des1 inhibitory activity (see below).

4. Inhibitors of Des 1

The availability of Des1 inhibitors and their use as pharmaco-
logical tools has helped to refute the biological innocuousness of
dhCer. Most of the evidences come from studies where inhibition
of Des1 causes an accumulation of dhCer. Several rationally
designed active site directed inhibitors of Des1 have been
described, including GT11 or XM462 (see below). Apart from

M. Casasampere et al. / Chemistry and Physics of Lipids 197 (2016) 33–44 35

ivanburneo@outlook.com
197



these, a series of drugs and natural products also show inhibitory
effect on Des1 activity. The outcome of this inhibition is varied,
depending on the cell line, the degree of inhibition (and thus the
resulting amounts of accumulated dhCer) and the experimental
context.

4.1. Phenolic compounds and other non-sphingolipid analogs

4.1.1. Fenretinide (4-HPR)
4-HPR is a synthetic derivate of all-trans-retinoic acid, a vitamin

A analogue, which has been widely investigated for the prevention
and treatment of cancer (Mody and Mcilroy, 2014). For example,
4-HPR has been reported to induce apoptotic cell death and to
repress cell proliferation, thereby being useful to halt tumor
growth (Erdreich-Epstein et al., 2002; Hail et al., 2006). Recent
findings have discovered additional beneficial properties of 4-HPR
in the prevention of high-fat diet-induced obesity and insulin
resistance (Mcilroy et al., 2013; Preitner et al., 2009).

4-HPR was the first chemotherapeutic drug found to inhibit
Des1. The phenolic group, which is absent in all-trans-retinoic acid,
is probably involved in Des1 inhibition, since all-trans-retinoic acid
is not inhibitory. Since its first synthesis in 1960s, several articles
have been published trying to elucidate the molecular mechanisms
associated with 4-HPR effects (Mody and Mcilroy, 2014). It had
been thought that 4-HPR would elevate Cer by activation of serine
palmitoyl transferase and Cer synthase (Maurer et al., 2000;
Morales et al., 2007). However, it was later established that dhCer
rather than Cer was the actual accumulating lipid, whose buildup
was caused by 4-HPR inhibition of Des1 (Li et al., 2013; Wang et al.,

2008). It is known that 4-HPR cytotoxicity depends on its effects
mediating redox status dysfunction and increasing reactive oxygen
species (ROS) levels (Oridate et al., 1997; Sun et al., 1999). Since
Des1 activity is inhibited by oxidative stress (Idkowiak-Baldys
et al., 2010), 4-HPR inhibition of Des1 might occur indirectly
through increased oxidative species. However, Rahmaniyan et al.
2011 reported that Des1 is a direct in vitro target for 4-HPR, which
provokes an irreversible inhibition upon long incubation times.

Regardless of the type of inhibition, 4-HPR-promoted increase
in dhCer seems to be partly responsible for the drug activities.
Regarding the effect of 4-HPR on cell fate, while high concen-
trations of 4-HPR (>5 mM) have been reported to induce apoptosis
(Wang et al., 2001), lower doses induce cell cycle arrest at G0/G1
(Kraveka et al., 2007). On the other hand, Mao et al. 2010
demonstrated that dhSo is the cytotoxic mediator of 4-HPR
cytotoxicity in a human oral squamous cell carcinoma cell line.
dhSo levels are generated by alkaline ceramidase 2 upregulation,
which is activated by 4-HPR. Nevertheless, Apraiz et al. 2012
showed that, in leukemia cells, 4-HPR-driven cell death occurs
even in the absence of dhCer accumulation.

Apart from that, Merrill and co-workers identified a role for
4-HPR in the induction of autophagy (Zheng et al., 2006). They
described that either 4-HPR or dhCer (resulting from 4-HPR
blockade of Des1 activity) were responsible for autophagosome
formation. In this pioneering work, autophagy was one of the first
biological responses assigned to dhCer. 4-HPR has been widely
studied because of its chemotherapeutic properties and it is in
several clinical trials for treatment of cancer or metabolic
syndromes like glucose intolerance (Johansson et al., 2008). Thus,

Fig.4. Chemical structure of non-sphingolipid analogs reported as Des1 inhibitors.
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4-HPR improves insulin sensitivity, at least in part, by inhibiting
Des1, suggesting that therapeutics targeting this enzyme may be a
viable therapeutic means for normalizing glucose homeostasis in
the overweight and diabetic (Bikman et al., 2012). In addition to
that, 4-HPR could perturb retinoid metabolism. Kaylor et al. 2013
reported that 4-HPR was a competitive inhibitor of the Des
1 isomerase-2 function found in neural retina, with a Ki value of
8.5 mM, using all-trans-retinol as a substrate. Moreover, 4-HPR
modulates the expression of some retinoid homeostasis genes in
adipose, liver and hypothalamus (Mcilroy et al., 2013). Whether
this effect is a response to inhibition of Des1 has not been
examined.

4.1.2. Resveratrol
Resveratrol (3,5,40-trihydroxy-trans-stilbene) (Fig. 4), is a

dietary polyphenol with well recognized antioxidant and health
beneficial properties (Pervaiz and Holme, 2009). In addition to
thousands of research papers related to resveratrol, approximately
300 review articles have been published. Amongst other actions,
resveratrol has been reported to exhibit anti-inflammatory and
antifibrotic effects (Conte et al., 2015), antitumor activities (Han
et al., 2015; Signorelli and Ghidoni, 2005), protection in renal
disease (Albertoni and Schor, 2015) and neurodegeneration
(Tellone et al., 2015), activity against obesity (De Ligt et al.,
2015), diabetes (Szkudelski and Szkudelska, 2015), stroke (Nabavi
et al., 2014), hepatic steatosis (Aguirre et al., 2014) and
cardiovascular diseases (Tang et al., 2014).

In relation to sphingolipids, it has been reported that resveratrol
might kill chronic myelogenous leukemia cells (Kartal et al., 2011)
and promyelocytic leukemia cells (Cakir et al., 2011) through
increasing intracellular generation and accumulation of apoptotic
Cer. In most of the cancer cell lines tested, resveratrol arrests cell
cycle in G1/S phase, blocks proliferation (Dolfini et al., 2007) and
under prolonged treatment, induces apoptotic cell death by Cer
accumulation (Cakir et al., 2011; Scarlatti et al., 2008). Inhibition of
sphingosine kinase 1, a key regulator of sphingolipid metabolism
whose alterations have been linked to many hyperproliferative
diseases, may be partly involved in the cytotoxicity of resveratrol
(Lim et al., 2012).

Besides inhibiting SKI, resveratrol has been reported to inhibit
Des1. In gastric cancer SNU-1 cells, resveratrol mildly inhibited
Des1 activity compared to the specific inhibitor GT-11 or to 4-HPR;
however, resveratrol alone exhibited a typical cell cycle arrest
pattern, which GT-11 did not alter, indicating that inhibition of
Des1 is not essential to the cytotoxicity induced by the combina-
tion of resveratrol and sphingolipid metabolites (Shin et al., 2012).
In contrast, inhibition of Des1 by resveratrol and the resulting
increase in intracellular dhCer has been reported to be involved in
autophagy induction in gastric cancer HGC27 cells (Signorelli et al.,
2009). In this cell line, we have shown that resveratrol inhibits
Des1 both in intact cells and in vitro and it induces autophagy after
an increase in dhCer (Signorelli et al., 2009). These experiments
support that resveratrol-induced autophagy occurs, at least in part,
as a result of Des1 inhibition in some cell models. As a phenolic
compound, resveratrol may inhibit Des1 in an indirect manner by
altering the redox status of cells (Hsieh and Wu, 2010).

4.1.3. Celecoxib
Celecoxib (4-[5-(4-methylphenyl)-3-(trifluoromethyl) pyrazol-

1-yl]benzenesulfonamide) (Fig. 4) is a highly selective cyclooxy-
genase 2 inhibitor with potent cyclooxygenase 2-independent
anti-tumor activities in a wide variety of human epithelial tumors
(Jendrossek, 2013; Patel et al., 2005). Celecoxib has been reported
to inhibit Des1 in intact cells with an IC50 of about 80 mM
(Schiffmann et al., 2009). Treatment of several cancer cell lines
with celecoxib induces significant increase in dhCer while

depleting levels of Cer in a time and concentration manner.
However, the dhCer conversion to the apoptotic Cer results in cell
death (Schiffmann et al., 2010). Des1 inhibition by celecoxib seems
to contribute to its anti-proliferative effects (Schiffmann et al.,
2009) because treatment with myriocin, a serine palmitoyltrans-
ferase inhibitor, diminished the antiproliferative potency of
celecoxib. Its effects on cell viability include cell cycle arrest in
G1/G0 phase, and apoptosis and autophagy induction (Huang and
Sinicrope, 2010). Liu et al. demonstrated that celecoxib induces
apoptosis and autophagy in gastric cancer cells through the
phosphatidylinositol 3-kinase B signaling pathway (Liu et al.,
2014).

4.1.4. THC
D9-tetrahydrocannabinol (THC) ((6aR,10aR)-6,6,9-trimethyl-3-

pentyl-6a,7,8,10a-tetrahydro-6 H-benzo[c]chromen-1-ol) is one of
the major bioactive components of Cannabis sativa (Pertwee, 2008)
(Fig. 4). THC and other cannabinoid-based drugs such as
cannabidiol, HU-211, and ajulemic acid have been tested and
found moderately effective in clinical trials of multiple sclerosis,
traumatic brain injury, arthritis, and neuropathic pain (Klein and
Newton, 2007). Furthermore, preclinical data with cannabinoid-
based drugs suggest efficacy in other inflammatory diseases such
as inflammatory bowel disease, Alzheimer’s disease, atherosclero-
sis, and osteoporosis (Klein and Newton, 2007). Furthemore,
several lines of evidence support an antitumourigenic effect of
cannabinoids, which have been reported to possess anti-prolifer-
ative and pro-apoptotic effects and they are known to interfere
with tumour neovascularization, cancer cell migration, adhesion,
invasion and metastasization (Massi et al., 2013; Velasco et al.,
2007). However, the clinical use of THC and additional cannabinoid
agonists is often limited by their unwanted psychoactive side
effects, and for this reason interest in non-psychoactive cannabi-
noid compounds with structural affinity for THC.

The excellent studies carried out by the group of Velasco and
Guzman have helped to clarify the molecular mechanisms
involved in THC antitumoral action (Armstrong et al., 2015;
Blázquez et al., 2008; Carracedo et al., 2006a, 2006b; Gómez del
Pulgar et al., 2002; Lorente et al., 2011a; Salazar et al., 2013, 2009a,
2009b; Vara et al., 2011; Velasco et al., 2007). Briefly, THC exerts its
effect via the de novo synthesis of the sphingolipid Cer (Gómez del
Pulgar et al., 2002), leading to the activation of the stress-regulated
protein p8 and further ER stress with induction of tribbles-related
protein 3 (TRB3) (Carracedo et al., 2006a, 2006b). The role of
TRB3 in linking ER stress to autophagy followed by apoptosis in
cannabinoid anti-tumoral action was later disclosed in different
cell models (Salazar et al., 2013, 2009a; Vara et al., 2011). In glioma
and pancreatic cancer cells, this occurs by TRB3-dependent
inhibition of protein kinase B/mammalian target of rapamycin
complex 1 signaling (Carracedo et al., 2006b; Salazar et al., 2009b),
while noncanonical autophagy is involved in melanoma cells
(Armstrong et al., 2015). Finally, the growth factor midkine Mdk
was identified as a pivotal factor involved in the resistance of
glioma cells to THC pro-autophagic and antitumoral action. Mdk
protective effect is mediated via the anaplastic lymphoma kinase
receptor and final interference with autophagic cell death (Lorente
et al., 2011a,b).

THC inhibits Des1 in rat liver microsomes with an IC50 of 23 mM
(Muñoz Olaya et al., unpublished). Whether dhCer is involved in
THC antitumor activity is being currently investigated.

4.1.5. g-Tocopherol and g-tocotrienol
g-Tocopherol ((2 R)-2,7,8-trimethyl-2-[(4 R,8 R)-4,8,12-trime-

thyltridecyl]-6-chromanol) and g-tocotrienol (R)-g-tocotrienol,
[R-(E,E)]-3,4-dihydro-2,7,8-trimethyl-2-(4,8,12-trimethyl-3,7,11-
tridecatrienyl)-2 H-1-benzopyran-6-ol) (Fig. 4) are natural
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components of vitamin E. Apart from the well known antioxidant
properties of, there is increasing evidence supporting their
additional function in lowering of blood cholesterol levels, and
anticancer and neuroprotective action, especially in the case of
tocotrienols (Jiang, 2014). Briefly, g-tocopherol and g-tocotrienol
have been reported to have a role in disease prevention and
therapy (Jiang, 2014), with g-tocotrienol exhibiting the best
properties. Thus, tocotrienols have been successfully employed in
cancer therapy. For instance, different studies have recently
reported that tocotrienols at 40 mM have cytotoxic effects in
human breast cancer cells MCF-7 and MDA-MB-231, which is
associated with autophagy induction and ER stress-mediated
apoptosis (Jiang et al., 2012; Tiwari et al., 2015). Furthermore,
tocotrienols have been successfully used as anticancer agents in
combination therapies (Abdul Rahman et al., 2014; Kani et al.,
2013; Malaviya and Sylvester, 2013; Rezaei et al., 2014; Sylvester
et al., 2011; Tiwari et al., 2015; Tuerdi et al., 2013; Yusof et al., 2015),
as agents against cardiovascular diseases (Prasad, 2011) and as
radioprotectors in patients undergoing radiotherapy (Kulkarni
et al., 2010; Singh et al., 2013).

A few articles link the anticancer properties of g-tocopherol and
g-tocotrienol to sphingolipid metabolism. Thus, it has been
described that both g-tocopherol (Gopalan et al., 2012; Jiang
et al., 2004a) and g-tocotrienol (Gopalan et al., 2012; Jiang et al.,
2012) induce apoptosis and autophagy in prostate cancer cells
(Jiang et al., 2012). These effects are preceded by a pronounced
dhCer and dhSo accumulation and the administration of myriocin
or fumonisin B1, specific inhibitors of serine palmitoyltransferase
and dihydroceramide synthase, respectively, in the de novo
synthesis of sphingolipids, significantly protected cells from
g-tocopherol-induced cell death (Jiang et al., 2004b). g-Tocopherol
is a moderate inhibitor of Des 1, since its incubation at 100 mM with
LNCaP cells for 36 h elicited a 60% reduction in Des1 activity (Zheng
et al., 2006). g-Tocotrienol is a better Des1 inhibitor than
g-tocopherol (Ordoñez et al., unpublished).

Wang et al. 2015a showed that g tocotrienol inhibits cytokine-
triggered activation of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) and its upstream regulator tumor
growth factor-b-activated kinase-1 in murine RAW 264.7 macro-
phages and primary bone marrow-derived macrophages. In these
cells, g tocotrienol induced upregulation of A20, an inhibitor of NF-
kB. In search of the reason for A20 upregulation, the authors found
that g-tocotrienol treatment increased the phosphorylation of
nuclear factors indicative of induction of endoplasmic reticulum
stress. These effects occurred with enhancement of intracellular
dhCer and chemical inhibition of de novo sphingolipid synthesis
partially reversed g-tocotrienol’s induction of A20 and the anti-
NF-kB effect. The importance of dhCer increase in this model is
further supported by the observation that N-octanoylsphingosine
mimicked g-tocotrienol in upregulating A20, enhancing endoplas-
mic reticulum stress, and attenuating tumor necrosis factor-
triggered NF-kB activation. This study identifies a novel anti-NF-
kB mechanism where A20 is induced by stress-induced adaptive
response as a result of modulation of SLs, and it demonstrates an
immunomodulatory role of dhCer.

4.1.6. Curcumin
Curcumin ((1 E,6 E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-

heptadiene-3,5-dione) is a natural bioactive component isolated
from turmeric (Curcuma longa) (Fig. 4). Research for more than two
decades has revealed the pleiotropic nature of the biological effects
of this molecule. More than 7000 published articles have shed light
on the various aspects of curcumin, including its antioxidant,
hypoglycemic, anti-inflammatory and anti-cancer activities
(Ghosh et al., 2015). Apart from these well-known actions, this
natural compound also exerts its beneficial effects by modulating

different signalling molecules including transcription factors,
tumour suppressor genes, chemokines, cytokines, etc. By modu-
lating these molecules curcumin has been shown to be beneficial
to treat conditions such as diabetes (Meng et al., 2013), cancer
(Devassy et al., 2015), Alzheimer’s disease (Chin et al., 2013;
Hamaguchi et al., 2010), cardiovascular diseases (Wongcharoen
and Phrommintikul, 2009), liver fibrogenesis (Tang, 2015),
inflammatory bowel disease (Vecchi Brumatti et al., 2014) and
chronic kidney disease (Ghosh et al., 2014).

Although ROS generation and c-Jun N-terminal kinase activa-
tion is the main axis leading to curcumin propaopototic action in
colon cancer cell lines, endogenous Cer generation by curcumin
also contributes to cytotoxicity. A study describes a novel signaling
pathway by which curcumin induces ROS-dependent, prostate
apoptosis response-4 activation and Cer generation, leading to
autophagic cell death in human malignant glioma cells (Thayyul-
lathil et al., 2014). In another study, curcumin is reported to
suppress the growth of human leukemic cells via ROS-independent
reduced glutathione depletion, which leads to caspase activation,
inhibition of sphingomyelin synthase activity, and induction of Cer
generation. These findings are consistent with reduced glutathione
regulating caspase-dependent inhibition of sphingomyelin syn-
thase activity, Cer generation, and apoptosis in human leukemic
cells (Kizhakkayil et al., 2012). Cer accumulation appears to be also
responsible for curcumin-induced cytotoxicity in prostate cancer
PC3 cells. Cer build up then damages the mitochondria resulting in
apoptosis, which is mediated by the apoptosis-inducing factor and
other caspase-independent processes (Hilchie et al., 2010). Also in
fibroblasts, curcumin-induced apoptosis is caspase-independent
and relies on the mitochondrial formation of ROS and the
subsequent nuclear translocation of the apoptosis-inducing factor,
which is released from the mitochondrial pores through the
concerted action of Bax, the voltage-dependent anion-selective
channel and possibly Cer (Scharstuhl et al., 2009). On the other
hand, curcumin’s apoptosis-inducing effects in colon cancer cell
lines are accompanied by robust Cer generation through de novo
synthesis and curcumin-induced cell death is partly reversed by
myriocin (Moussavi et al., 2006).

Recently, it has been reported that in human leukemia
HL60 cells and their HL60/VCR multidrug-resistant counterparts,
curcumin induced apoptosis by provoking an early generation of
Cer by activation of neutral sphingomyelinase 2 followed by later
enhancement of Cer levels via inhibition of sphingomyelin
synthase (Shakor et al., 2014).

Recent published studies indicate that agents that enhance
intracellular Cer levels would enhance curcumin-induced tumor
cell cytotoxicity and apoptosis. This is the case of inhibitors of
glucosylceramide synthase (Yu et al., 2012) and sphingosine kinase
(Yang et al., 2012). Furthermore, N-hexanoylsphingosine poten-
tiates curcumin-induced cell death and apoptosis in melanoma cell
lines in vitro (Yu et al., 2010).

We found that curcumin caused a 28% inhibition of Des
1 activity in human gastric adenocarcinoma HGC27 cell lysates at
10 mM (Fabrias et al., 2012) and, as a phenolic compound, we
speculate that inhibition occurs indirectly at either the electron
transport chain level or by altering the redox status of the cell.
Although no actions of curcumin have been linked to increases in
dhCer, besides the article by Kizhakkayil et al. (Kizhakkayil et al.,
2012) mentioned above, other articles report that curcumin
induces autophagy, mostly in cancer models. For instance, in
U87-MG and U373-MG malignant glioma cells curcumin induced
G2/M cell cycle arrest and autophagy but not apoptosis, by
inhibition of the protein kinase B/mammalian target of rapamycin/
70-kDa ribosomal protein S6 kinase axis and activation of the
extracellular regulated kinasepathway. This drug also inhibited
tumor growth significantly and induced autophagy in a
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subcutaneous xenograft model of U87-MG cells (Aoki et al., 2007).
On the other hand, curcumin induces autophagy in ACC-MESO-1
cells (Yamauchi et al., 2012), promotes autophagic survival of a
subset of colon cancer stem cells (Kantara et al., 2014), it induces
autophagy via activating the AMP-activated protein kinase
signaling pathway in A549 human lung adenocarcinoma cells
(Xiao et al., 2013) and decreases survival of oral cancer cells by
inducing ROS-mediated autophagy (Kim et al., 2012). Moreover,
curcumin induces permanent growth arrest of human colon cancer
cells (Mosieniak et al., 2012) and promotes differentiation of
glioma-initiating cells by inducing autophagy (Zhuang et al., 2012).
In non-cancerous models, curcumin induces autophagy in human
umbilical vein endothelial cells and protects them from oxidative
stress damage. This effect occurs through a new protective
mechanism involving forkhead box protein O1 and may arise as
a therapeutic target for the treatment of oxidative stress-related
cardiovascular diseases (Han et al., 2012). Finally, curcumin
induces of autophagy by downregulating phosphatidylinositol
3-kinase/protein kinase B/mammalian target of rapamycin signal-
ing pathway in neurons from Alzheimer’s disease animal models,
which results in inhibition of Ab generation and a neuroprotective
effect (Wang et al., 2014).

Although curcumin inhibits Des1 and dhCer appear to be
involved in induction of autophagy, whether dhCer is implicated in
curcumin-induced autophagy in selected models and experimen-
tal setups is still unexplored.

The application of curcumin is extremely limited because of its
low bioavailability related to its insolubility in water as well as its
poor absorption and rapid metabolism. This limitation has
boosted the search for formulations for efficient curcumin
administration.. Chen and coworkers have demonstrated that
borneol, which had been shown to be a very effective penetration
enhancer and to improve bioavailability of drugs, effectively
synergized with curcumin to enhance its antiproliferative pro-
apoptotic activity in A375 human melanoma cells (Chen et al.,
2014), whereas in HepG2 cells, the mixture induced reactive
oxygen species (ROS) generation and cell cycle arrest in G2/M
phase (Chen et al., 2015). Liposomes have also been tested as
curcumin delivery systems. In this regard, Dhule and cowokers
reported that liposomes containing curcumin in combination
with N-hexanoylsphingosine showed 1.5 times enhanced cytotox-
icity in osteosarcoma cell lines than curcumin-containing lipo-
somes alone. Importantly, N-hexanoylsphingosine/curcumin
liposomes were found to be less toxic on untransformed primary
human cells (human mesenchymal stem cells) than in osteosar-
coma cell lines (Dhule et al., 2014).

4.1.7. SKI II
Recently we have reported that the dual sphingosine kinase

1-2 inhibitor SKI II (4-[[4-(4-chlorophenyl)-2-thiazolyl]amino]
phenol) (Fig. 4) is also a noncompetitive inhibitor (Ki= 0.3 mM)
of Des1 activity (Cingolani et al., 2014). Molecular modeling studies
supported that the SKI II-induced decrease in Des1 activity could
result from inhibition of NADH-cytochrome b5 reductase. Treat-
ment of HGC 27 cells with SKI II resulted in decreased S1P levels
and increased amounts of dhCer. Levels of Cer also augmented,
probably from acylation of sphingosine, which did not accumulate
despite sphingosine kinase inhibition. Finally, SKI II, but not the
SK1-specific inhibitor PF-543, reduced cell proliferation with
accumulation of cells in the G0/G1 phase. Also, SKI II, but not
PF543, induced autophagy. Hence, the effects of SKI II on the cell
cycle (longer duration/arrest of the G0/G1 phase) and autophagy
observed by us and other groups are probably a consequence of
Des1 rather than SK inhibition.

4.2. Sphingolipid analogs

4.2.1. GT11
The first reported synthesized inhibitor of Des1 was compound

GT11 (also named C8-cyclopropenylceramide) (Fig. 5) (Triola et al.,
2001). This cyclopropene-containing sphingolipid carries out a
competitive inhibition against the substrate with a Ki of 6 mM
(Triola et al., 2003) and it is active both in vitro and in intact cells
(Kraveka et al., 2007; Triola et al., 2004). Structure-activity
relationship studies showed that the natural 2S,3R stereochemis-
try, the presence of a free hydroxyl function at C1 and the
cyclopropene ring in place of the Cer double bond in the molecule
are essential for the desaturase inhibition (Triola et al., 2003).
Furthermore, urea, thiourea and a-ketoamide analogs keep the
inhibitory activity of GT11, although with lower potency, while loss
of inhibition occurs with N -methyl substitution or replacement of
the amide by a carbamate function (Bedia et al., 2005). In primary
cultured cerebellar neurons, Des1 was efficiently inhibited by
GT11 with an IC50 of 23 nM. However, at higher concentrations
(!5 mM), GT11 provoked an accumulation of long chain base
phosphates, suggesting a decreased activity of sphingosine
1-phosphate lyase. The accumulated sphingoid base phosphates,
in turn, down-regulate serine palmitoyltransferase activity, thus
decreasing sphingolipid biosynthesis de novo (Triola et al., 2004). A
derivative of GT11 was used to assess the interest of Des1 as a
therapeutic target against HIV-1 infection (Vieira et al., 2010). We
described that incubation of Tzm-bl cells with a GT11 derivative
produced an increase of dihydrosphingomyelins in lipid rafts,
which results in the rigidification of these microdomains and an

Fig.5. Chemical structure of sphingolipid analogs reported as Des1 inhibitors.
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increased resistance to the insertion of the viral gp41 fusion
peptide, thus inhibiting fusion of the viral and cellular membranes
and impairing viral entry. These results identified Des1 as a
potential therapeutic target for combating HIV-1 infection (Vieira
et al., 2010). Moreover, Kaylor et al. (Kaylor et al., 2013) reported
that the Des1 isomerase-2 activity found in neural retina was dose-
dependently inhibited by GT11. This compound elicited a 45%
inhibition at 10 mM, using all-trans-retinol as a substrate.

4.2.2. XM462
A 5-thiadihydroceramide named XM462 was designed in our

group, based on the mechanism of Des1 desaturation (Fig. 5)
(Munoz-Olaya et al., 2008). This molecule possesses a sulfur atom
instead of the C5 methylene group of the enzyme substrate.
XM462 inhibits Des1 both in vitro (IC50 = 8.2 mM in rat liver
microsomes) and in intact cells (IC50 = 0.43 mM in human leukemia
Jurkat A3 cells) (Munoz-Olaya et al., 2008). A few analogs of the
Des1 inhibitor XM462 have also been synthesized and tested
(Fig. 5) (Camacho et al., 2012). These compounds inhibit both
Des1 and acid ceramidase in vitro and in intact cells, but with
different potencies depending on the N-acyl moiety. Although their
IC50 values were in the mM range, none of them was more potent
than XM462. XM462 has been used as a pharmacological tool to
show the role of dhCer as inducer of autophagy in human gastric
cancer cell line HGC27. We demonstrated that XM462, at
concentrations that did not modify cell viability, produced an
accumulation of dhCer, and this accumulation was associated
whith cyclin D1 expression modulation, delayed G1/S transition of
cell cycle via activation of ER stress and autophagy induction
(Gagliostro et al., 2012; Signorelli et al., 2009).

4.2.3. Other analogs
A C12-dihydroceramide analogue with a cyclopropane ring at

C-5 and C-6 has been described (1, Fig. 5) and shown to inhibit
Des1 activity, although to a much lesser extent that GT11, in
cultured keratinocytes (Brodesser and Kolter, 2011; Brodesser
et al., 2003). On the other hand, two dhCer analogs with an allylic
fluoride replacing 3-hydroxyl group have been reported (2, Fig. 5)
(Jonghe et al., 2000). These compounds have been evaluated as
potential inhibitors of Des1 by an in vitro assay using rat liver
microsomes (Michel et al., 1997) showing a slight inhibition of the
desaturase activity (9% when equimolar concentrations of the
substrate and inhibitors were used).

5. Concluding remarks

The biological relevance of dhCer is currently well recognized
and constitutes a field of active research. Besides the
Des1 inhibitors mentioned above, other compounds the structure
of which suggests that they might by endowed with
Des1 inhibitory activity include rottlerin, genistein, quercetin,
epi-gallocatechin gallate epicatequin gallate and emodin (Fig. 6),
all of which have been reported to induce autophagy (Hasima and
Ozpolat, 2014; Wang et al., 2015b). Whether Des1 inhibition and
dhCer accumulation contribute to autophagy induction by these
compounds is worth investigating.

Identification of other Des1 inhibitors as pharmacological hits
would benefit from the availability of a Des1 activity high
throughput screening assay, which should boost library screening.
Chemists are encourage to develop such an assay, as it should
reveal novel Des1 inhibitors as hits for further medicinal chemistry
studies. Medical conditions for which treatment with
Des1 inhibitors may be beneficial include lipid raft dependent
processes (i.e. viral infection and Alzheimer’s disease) and
conditions in which autophagy is defective and its induction
would be beneficial. Besides cancer, the latter include some
disorders in which aggregated proteins accumulate, such as some
neurodegenerative diseases. Moreover, the recent identification of
Des1 as a retinol isomerase whose activity can be inhibited by
GT11 suggests that Des1 may contribute to processes such as cell
growth, differentiation, apoptosis and malignant transformation
by increasing the synthesis of 9-cis-retinoic acid (Kaylor et al.,
2013), reinforcing the interest of Des1 inhibitors against cancer.

The potential therapeutic interest of Des2 inhibitors is still
obscure, although a relationship between Des2 and disease has been
recently reported, specifically in psiquiatric disorders. Using a large
RNA sequencing database from postmortem dorsolateral prefrontal
cortex of psychiatric patients and control subjects, Ohi et al. (Ohi
et al., 2015) investigated the developmental expression pattern of a
DEGS2 full-length transcript in and the association of specific single-
nucleotide polymorphism around DEGS2 with DEGS2 expression.
The authors demonstrate that a DEGS2 polymorphism associated
with cognition in schizophrenia is associated with DEGS2 expression
in dorsolateral prefrontal cortex, which may have a role in the
cognitive impairments noted in psychiatric disorders. Future studies
will likely reveal other implications of Des2 in disease and, as
occurred for the Des1 homologue, will probably validate Des2 as a
therapeutic target.

Fig. 6. Chemical structure of putative Des1 inhibitors.
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