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1 Esfingolipids

Les membranes lipidigues de les ceéllules de mamifer estan constituides
majoritariament per tres classes de lipids diferents: glicerols, esterols i esfingolipids.
Aqguests és classifiguen segons [|'estructura del seu esquelet hidrofobic. Els
esfingolipids sén una classe de lipids de membrana derivats de I'amino-alcohol
esfingosina i son presents en totes les membranes eucariotes.

En 1884 J.L.W Thudichum' va ser el primer en identificar i aillar aquesta nova
molécula que posteriorment seria caracteritzada com esfingosina. Inspirant-se en la
figura mitoldgica de 'esfinx i a la seva naturalesa enigmatica va anomenar a aguests
tipus de compostos esfingolipidsz. Els esfingolipids constitueixen una familia extensa
de lipids amb una gran varietat de funcions. A més del seu paper estructural en les
membranes, els esfingolipids sén molécules implicades en diferents processos
cel-lulars com creixement, mort, senescéncia, adhesid, migracid, inflamacio,
diferenciacio i transport intracel-lular®.

1.1 Estructura dels esfingolipids

Com tots els lipids de membrana, els esfingolipids sén molécules amfipatigues amb
propietats hidrofobiques i hidrofiliques. Generalment estan composats per un cap
polar i dos cues apolars. Una d’elles es un amino-alcohol que en mamifers és corrent
gue estigui formada per divuit carbonis, també anomenada base esfingoide, i un acid
gras de longitud variable unit mitjancant un enlla¢ N-acil (figura 1).

Base esfingoide

Acid gras

Figura 1. Estructura representativa dels esfingolipids on I'esquelet hidrofob de cadena llarga (base
esfingoide) s’'uneix a I'acid gras. R representa els diferents grups polars

En mamifers les bases esfingoides més abundants sén I'esfingosina (So), I'esfinganina
(Sa), també anomenada dihidroesfingosina, o la fitoesfingosina (PHS). Aqguestes
estructures poden existir en la seva forma lliure o bé formant part d’esfingolipids més
complexos que contenen un acil gras mitjancant un enllac amida. Els esfingolipids es
poden classificar segons la base esfingoide, els acids grassos units al grup amino i
pels diferents grups polars.

Aixi doncs la So, la Sa i la PHS N-acilades esdevenen la ceramida (Cer), la

dihidroceramida (dhCer) i la fitoceramida respectivament (figura 2). La Cer és
I’esfingolipid amb la regié polar més simple, formada per dos grups hidroxil. La
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substitucié d’agquest grup en posicid 1 doéna lloc als derivats de la Cer. Els
glicoesfingolipids el presenten glicosilat amb una gran varietat de carbohidrats,
essent la glucosilceramida (GlcCer) el representant més senzill, mentre que
'esfingomielina (SM) hi té una fosforilcolina. L’addicié d’un fosfat genera la
ceramida-1-fosfat (C1P) o I'esfingosina-1-fosfat (S1P). La llargada de la cadena de
I’acid gras, aixi com els graus de insaturacié doéna lloc a una gran diversitat
d’espécies d’esfingolipids que varien en la solubilitat i també en les propietats
biologiques. Des del seu descobriment, s’han identificat milers d’espécies diferents®.

OH OH OH
NH, NH, NH, OH
Esfingosina (So) Dihidroesfingosina (Sa) Fitoesfingosina (PHS)
OH OH
OH/\(W/\/\/\/\/\ OH
HNY(CHZ)nCHS HNE(CHz)nCHa
Ceramida (Cer) Dihidroceramida (dhCer)
~ l re
o
0
Oy’ OH Ho, OH 9
(0] (0]
Esfingomielina (SM) Glucosilceramida (GlcCer)
HO. O  OH Ho\P/,O OH
@OIP\O/W o0 \O/WVV\/W\/\
HN.-(CH2),CH3 NH,
Ceramida-1-fosfat (Cer1P) Esfingosina-1-fosfat (S1P)

Figura 2: Estructura dels esfingolipids més representatius en mamifers

1.2 Biosintesi dels esfingolipids

L’area d’estudi dels esfingolipids més coneguda és el seu metabolisme on s’han
descrit les vies bioquimiques de sintesi i degradacio, aixi com tots els enzims
involucrats. La Cer, la principal molécula del metabolisme dels esfingolipids, és
generalment sintetitzada per la via anabdlica de novo a partir de precursors que no
son esfingolipids (figura 3). Tot i aixi també existeixen dos vies alternatives que
generen Cer; la via catabolica amb la hidrdlisi de lipids complexos, especialment la
SM i la via de reciclatge de les bases esfingoides (figura 4).
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La biosintesi de novo implica diverses etapes enzimatiques. S’inicia amb la
condensacid de la L-serina amb el palmitoil-CoA, per generar 3-cetoesfinganina
(KSa). Aquesta reaccid esta catalitzada per I'enzim heterodiméric serina
palmitoiltransferasa (SPT)°, dependent de piridoxal fosfat. La base esfingoide de 18
carbonis, generada quan la SPT utilitza palmitoil-CoA com a substrat, és la base
esfingoide més abundant i per aix0 els esfingolipids en eucariotes generalment
contenen un esquelet de 18 carbonis. No obstant, en alguns casos, la SPT pot utilitzar
com a substrat I'estearoil-CoA per generar esfingolipids de 20 carbonis, o el miristoil-
CoA que comporta la formacié d’'una base esfingoide de 16 carbonis®. Seguidament
la KSa és reduida a Sa per la 3-cetoesfinganina reductasa (KDSR).

(0]
CoA
HOYLOH + W o

NH,
L-serina Palmitoil-CoA
iSPT
O
HO/\)WW
NH; KSa
iKSR
OH SK HO\F;/O OH
HO/W\/\/\/\/\A/\ 4_’ o/ \O CH CH
NH, Sa SPP o /\’\lﬂ_iz\/\( 2)12CH3
CDasaH CerS SaP
OH
HO Y S S S S S S Glucoesfingolipids
HN\I(\/\/\/\/\/\/\/ complexes
o) dhCer H
~ I -
N\ l Des1 H
OH OH OH OH
O N SMS - GBA HO >
eo/P\O/Yv/\(CHz)QCH;; SMs HO/H\N(\/\/\/\/VVV\ - HO%OW(CHz)']ZCH?,
HNY(CHz)nCH3 SMasa T TN GleCerS OH  HN-(CH;),CHs
(0] Cer o)
O SM GlcCer
CerS N CDasa
C1PP
OH
Ho/YW\/W\/\/\ Cerk
NH So HO. F;? OH
X >
S1PPN sK g O 1 7 "(CHakCHy
HN. - (CH2)sCHz
?  OH
HO- P o cip
0 /O I N N N NN
NH, S1P
l S1PL
(e}
HO. N NN NG
o P\O/\/NHZ + H Z
PEA 2-Hexadecenal

Figura 3: Vies del metabolisme dels esfingolipids. Abreviatures: KSa, 3-cetoesfinganina; Sa, esfinganina;
SaP, esfinganina-1-fosfat; dhCer, dihidroceramida; Cer, ceramida; So, esfingosina; S1P, esfingosina-1-fosfat;
PEA, fosforiletanolamina; SM, esfingomielina; GlcCer, glucosilceramida; C1P, ceramida-1-fosfat; SPT, serina
palmitoiltransferasa; KSR, 3-cetoesfinganina reductasa; CDasa, ceramidasa; CerS, ceramida sintasa; Desl,
dihidroceramida dessaturasa; S1PP, esfingosina-1-fosfat fosfatasa; SK, esfingosina cinasa; S1PL, esfingosina-
1-fosfat liasa; SMS, esfingomielina sintasa; SMasa, esfingomielinasa; GlcCerS, glucosilceramida sintasa; GBA,
glucocerebrosidasa; CerK, ceramida cinasa; CIPP, ceramida-1-fosfat fosfatasa
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Una acilacié de l'estructura esfingoide uneix l'acid gras corresponent per produir
dhCer. Aguesta reaccio la realitzen diferents ceramides sintases (CerS) amb diferent
especificitat per la llargada de la cadena de l'acid gras7. La insercié del doble enllac
cis (dessaturacid) en la posicid 4-5 de la dhCer per generar Cer és donat per I'enzim
dihidroceramida dessaturasa 1 (Desl)®. La Cer, i en menor mesura la dhCer, sén
metabolitzades més tard a esfingolipids complexes com la (dihidro)esfingomielina
(dhSM/SM) o la glucosil(dihidro)ceramida (GlcdhCer /GlcCer). Mitjancant vies
dependents o independents de vesicules®, la Cer és transportada des del reticle
endoplasmatic (ER) a l'aparell de Golgi per convertir-se en la precursora dels
esfingolipids complexes addicionant substituents especifics en la posicid C;-OH de la
Cer. Aixi la Cer es metabolitza a SM per accidé de les esfingomielines sintases (SMS1 i
SMS2) que addiciona un grup fosforilcolina®, a glucoesfingolipids (per accié de la
glucosilceramida sintasa (GlcCerS)°, 0 a C1IP per accidé de la ceramida cinasa (Cerk)".
La Cer també pot ser hidrolitzada per diferents ceramidases (CDasa) per regenerar
So que és substrat de les esfingosina cinases (SK1 i SK2) per formar S1IP. L’acciod
irreversible de la esfingosina-1-fosfat liasa (S1PL) permet obtenir els productes finals
de la via; la fosforiletanolamina (PEA) i 'hexadecenal”. D’altra banda la SIP també es
pot metabolitzar a So per I’esfingosina-1-fosfat fosfatasa (S1PP).

La degradacid d’esfingolipids complexes és a la vegada una font de Cer. En la via
catabolica, la hidrdlisi de SM per part de les diferents esfingomielinases acida
(aSMasa) o neutra (nSMasa) genera Cer i fosforilcolina'. Aquesta font de Cer,
generalment anomenada via de l'esfingomielinasa (SMasa) té lloc en el lisosoma,
membrana plasmatica i mitocondri. La degradacidé de glucoesfingolipids complexos
(GSL) per hidrolases lisosomals especifiques també genera Cer. També forma part de
la via catabolica la hidrolisi del esfingolipid fosforilat C1P per obtenir Cer. Finalment
en la via de reciclatge15 iniciada en el lisosoma, la hidrolisi de S1P per la SIPP i I'accid
de la CerS permet produir Cer a partir de So.

Sintesi de novo Via catabolica Via de reciclatge
Ser+palmitoil CoA
l SPT
KSa
lKSR
s GSL S1P
a
S1PP
X CersS | o
CDasa SM GlcCer cIp So
dhCer ' SMasa l TGBA |fcrep |t cers
l Desl SMS GlcCerS CerK CDasa

CERAMIDA

Figura 4: Resum de les vies metabodliques involucrades en la sintesi de Cer. Modificat a partir de Mencarelli
i col., 2013"
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L’homedstasi metabolica cel-lular de I'esfingolipidoma sovint s’aconsegueix gracies a
la coordinacid entre la biosintesi i la degradacidé de les diferents espécies
d’esfingolipids. Es per aixd que és imprescindible assolir un equilibri entre la
biosintesi de novo, la via catabolica i la via de reciclatge4.

1.3 Compartimentalitzacié

La biosintesi dels esfingolipids consisteix en una seqUéncia de reaccions
enzimatiques altament conservades que tenen lloc en diferents compartiments
cellulars” (figura 5). Les primeres etapes de la via de sintesi de novo de la Cer es
produeixen en la cara citosdlica del ER i en altres membranes com la membrana
perinuclear i les membranes associades al mitocondri (MAM), una estructura
membranosa implicada en la senyalitzacié cel-lular i que es troba associada tant al
mitocondri com al ER®. L’addicié posterior d’'un cap polar a la Cer per formar SM i
GlcCer es ddna en l'aparell de Golgi. Degut a la seves propietats hidrofobiques la
translocacié de la Cer des del ER a l'aparell de Golgi per generar els esfingolipids
complexes, es fa mitjancant mecanismes actius i no per transferéncia espontania pel
citosol.

Aqguest transport, amb la preséncia o no de vesicules, va ser demostrat per Fukasawa
i collaboradors®™. Una de les proteines que s’han caracteritzat com a responsables
d’aquest transport no-vesicular és la proteina de transferéncia de ceramida (CERT)®.
En primer lloc, les SM es sintetitzen en la cara luminal del Golgi. La sintesi de SM és
dependent de CERT. En canvi les GlcCer es sintetitzen en la cara citosolica de Golgi.
El transport de Cer a Golgi, en aquest cas, és independent de CERT, és a dir, a través
de transport vesicular. Les GlcCer sintetitzades en la regid cis-Golgi, es transporten
fins els compartiments trans-Golgi mitjancant la proteina FAPP2 (proteina
adaptadora quatre fosfat 2% Es en aquesta regid on es troben els enzims
encarregats de sintetitzar la lactosilceramida (LacCer) i GSL. Per la formacié
d’aquestes molécules complexes la GlcCer necessita passar de la superficie citosodlica
al lumen del Golgi mitjancant la glicoproteina-P o MDR1%.

Una vegada sintetitzades, tant les SM com les GlcCer produides en el Golgi sén
generalment conduides a la membrana plasmatica per transport vesicular. En la
membrana plasmatica actuen la SMasa, CDasa i SK per generar Cer, So i SIP
respectivament. La Cer es pot fosforilar per donar CIP mitjancant la CerK en la cara
citosodlica del Golgi. A diferéncia de les SM i les GlcCer, la CIP no es transporta a
través de vesicules, sind gue necessita la proteina especifica CPTP (proteina de
transferéncia ceramida-1-fosfat) per arribar a la membrana plasmatica o altres
compartiments cel-lulars®. Paral-lelament en els lisosomes es troben les formes
acides de la SMasa, glucocerebrosidasa (GBA) i CDasa que hidrolitzen a So els
esfingolipids complexos provinents de la membrana plasmatica i que mitjancant
’endocitosi arriben al lisosoma. Aquesta via s’anomena via de reciclatge. La base
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lliure és capac de sortir del lisosoma i gracies a la seva solubilitat es pot transportar a
través de membranes fins arribar al ER on es recicla per a la sintesi de Cer.

El metabolisme dels esfingolipids també esta present en el nucli ja que la SM és un
component de la matriu nuclear®”. Aqguesta és hidrolitzada gracies a la SMasa i CDasa
neutra per generar So. La isoforma nuclear de la SK, la SK2 és la responsable de
formar S1P que podria intervenir en la transcripcid de determinats genszs. En el
mitocondri es troben diversos esfingolipids i Cer. Tot i que les Cer poden arribar al
mitocondri des del ER a través del contacte entre les membranes dels dos organuls,
en el mitocondri també és genera Cer, a través de la CerS o una isoforma reversa de
la CDasa neutra®®.

CDasa SMasa
neutra acida

SO <— Cer<=— SM Membrana plasmatica

00000000000/00000000000000000060000000600000
0000000000('000000000000000000000000000000

SIP<— SO <— Cer<=— SM
CDasa SMasa T T
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Endosoma @ O
/ “ O
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e > SO\reciclatge.
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Figura 5: Compartimentalitzacié del metabolisme dels esfingolipids.
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2 Els esfingolipids en senyalitzacié cel-lular

El metabolisme dels esfingolipids pot ser regulat en multiples nivells, des del control
de I'expressid dels enzims que formen la via, fins a mecanismes al-lostérics. Les
funcions de senyalitzacid i regulacié de cada un dels diversos esfingolipids de
manera individual explica la gran diversitat estructural d’aquestes molécules i la
complexitat de les vies del seu metabolisme.

2.1 Esfingolipids bioactius

A més de servir com a base estructural de les membranes cel-lulars, la Cer i els seus
productes metabodlics son molécules que regulen vies de senyalitzacid implicades en
diversos processos fisioldgics i fisiopatologics com proliferacio, apoptosi, autofagia,
angiogeénesi, diferenciacid, migracid, senescéncia i resposta inflamatoria. Tot i que els
esfingolipids sén moduladors essencials en la dinamica cel-lular, la seva desregulacid
i/o canvis en la localitzacid espai-temporal pot comportar I'aparicid i progressié de
malalties?’.

2.1.1 Ceramida

Segurament, I'esfingolipid que s’ha estudiat amb més profunditat és la Cer, molécula
clau en el metabolisme dels esfingolipids. S’ha descrit la implicacié de les Cer en
diversos processos cel-lulars, que inclouen l'apoptosi, aturada del cicle cel-lular,
senescéncia i diferenciacio cellular®®. Lanalisi de [Iesfingolipidoma per
espectrometria de masses ha permeés aprofundir en I'estudi del paper de les diferents
espécies de Cer®®. La diversitat d’espécies de Cer predominantment és deguda a la
heterogeneitat de la cadena de lacid gras, determinat per l'activitat de sis CerS
diferents. Aquestes CerS presenten preferéncies especifiques per l'acid gras i
d’aquesta manera cada CerS és la responsable de la formacié de determinades
espécies de Cer®®. La longitud i les insaturacions de la cadena de I'acid gras unit a la
base esfingoide, determinara les propietats fisicoquimiques de la Cer i per tant
també les seves propietats fisiolc‘Jgiques31.

Les funcions bioldogiques de la Cer també estant controlades per la seva localitzacio
subcellular®®. Aixi s’ha descrit que la Cer generada en la membrana plasmatica a
partir de la SM, activa vies de senyalitzacid associades amb la inhibicid del
creixement i mort celllular per estrés oxidatiu. En el mitocondri la funcid més
important de la Cer és la de missatger cel-lular en I’apoptosizz. Principalment els
efectes originats per la Cer convergeixen a nivell del mitocondri, on s’inhibeixen les
proteines anti-apoptotiques Bcl-2 i Bel-XL i es produeix una disminucid del potencial
de membrana mitocondrial, facilitant la creacié de porus i 'alliberacid del citocrom C.
La sortida del citocrom C al citosol desencadena la formacid de I'apoptosoma i la
conseqUent activacid de les caspases, iniciant aixi el procés de mort apoptotica
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intrinseca. Les Cer també poden ser generades en el lisosoma per accid de la SMasa
acida i interaccionar amb la catepsina D que regula 'activacié de la proteina BID que
comporta la induccié de I’apoptosi“. Les Cer generades en el ER poden actuar en el
nucli, ja que les estructures membranoses dels organuls estant connectades. Entre
altres funcions, les Cer en el nucli inhibeixen I'activitat telomerasa, regulant aixi la
senescéncia i I'envelliment® o mitjancant l'activacié de la fosfatasa-1 indueixen el
splicing alternatiu de la pro-apoptotica caspasa-935.

A part de I'apoptosi, un dels efectes més caracteritzats de la Cer és |la seva capacitat
d’induir aturada del cicle celllular en la fase Go/G; a través de l'activacid de la
proteina del retinoblastoma (Rb)*°. A més també s’ha descrit la seva implicacié en
I’'aturada del cicle cel-lular mitjancant la modulacié de cinases dependents de ciclines
com la cdk2* i en la regulacié de la diferenciacio cellular®®. Finalment la Cer també
ha estat relacionada amb I’autofagia”, participant en la regulacid de la proteina
autofagica Beclin 1.

2.1.2 Dihidroceramida

Les dhCer inicialment es van considerar lipids innocus intermediaris de les Cer, pero
actualment sén moltes les evidéncies que demostren que sén elements clau per
diverses vies de senyalitzacid cel-llular. En segons quins processos cel-lulars, les
dhCer, en contrapartida amb les Cer sén mediadors molt poc efectius; i és per aixo
gue es va arribar a creure que les dhCer eren bioldgicament inactives. No va ser fins
al 2006 quan Stiban i col-laboradors van canviar aquest pensament. Van descriure la
capacitat de les dhCer d’inhibir la formacid de canals mitocondrials induits per Cer, i
la conseqUent inhibicid de l'alliberacid de molécules apoptotiques que resultava en
mort per apoptosi*®. El mateix any també es va publicar un estudi pioner en el grup
del professor Merrill*® en qgue es feia responsable a les dhCer de la formacié de
'autofagosoma en el procés de l'autofagia. En aquests treballs s’assignava per
primera vegada una resposta bioldgica a les dhCer i va inspirar a molts altres grups,
entre d’altres el nostre, a investigar el paper de les dhCer en respostes cel-lulars.
Paral-lelament, gracies a les innovacions en el camp de I'espectrometria de masses i
el desenvolupament de noves técniques de cromatografia liquida, es va poder
diferenciar entre Cer i dhCer, obrint un nou camp d’investigacid sobre el paper de les
dhCer en la senyalitzacid cel-lular.

El paper de les dhCer en I'apoptosi és contradictori. Alguns grups han implicat les
dhCer en la induccié de I’apoptosi4°. Tot i aixi, estudis en altres models cel-lulars
suggereixen que l'augment de dhCer és insuficient per induir apoptosi o mort
cellular®. Al contrari del que passa amb les dhCer, el paper de la Cer, generades tant
per la biosintesi de novo com per 'accid de les SMases, en l'alliberacié del citocrom C
o la induccié de l'apoptosi esta demostrat de manera contundent. Malgrat aixo, les
evidéncies extretes dels multiples treballs sobre el tema, suggereixen que les dhCer
contraresten l'accié de les Cer en la mort cel-lular. Per exemple, en el mitocondri, les
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dhCer eviten la formacio dels porus de Cer. Aquesta inhibicié ocorre tot i que hi hagi
poca concentracid de dhCer, suggerint que la relacidé entre els dos esfingolipids és
determinant en la induccidé de I'apoptosi i no tant la concentracié absoluta de cada
un d’ells*?.

L’autofagia va ser una de les primeres respostes bioldgiques assignades a les dhCer,
pero la seva implicacid en la mort cel-llular o en la supervivencia continua sent
controvertida. En alguns treballs es descriu que nivells elevats de dhCer provoquen
I'activacié de l'autofagia amb un paper protector contra agents citotoxics****. En
aquests estudis, ni 'acumulacié de dhCer, ni I'autofagia contribueixen a la mort
cel-lular. D’altra banda, també s’ha descrit que els augments de dhCer i la posterior
activacio de l'autofagia implica mort cellular®>®
paper de les dhCer en I'autofagia i el desti cel-lular pot ser degut al context cel-lular,

. La disparitat dels resultats sobre el

localitzacié subcel-lular i propietats de les diferents espécies de dhCer estudiades. Es
per aquest motiu, que és necessari aprofundir més en la investigacid per tal
d’explicar aquests resultats contradictoris®’. També cal destacar qgue els mecanismes
gue relacionen les dhCer i 'autofagia segueixen sense ser resolts. A part de la seva
implicacid en 'apoptosi i 'autofagia, també s’ha descrit entre els efectes de la dhCer
'aturada del cicle cel-lular en Go/G;. La inhibicié de Desl, per silenciament genétic o
inhibicid farmacologica, amb la conseqient acumulacié de dhCer provoca aturada
del cicle cel-lular degut a la disminucidé de la fosforilacid de Rb* o per canvis en
'expressié de la ciclina D1*®. Com també ocorre amb les Cer, les dhCer amb diferent
longitud de cadena sembla ser que tenen efectes especifics. Per exemple dhCer de
cadena molt llarga sén responsables de la citotoxicitat en linies cellulars de
leucemia®®. Altrament, en un estudi diferent es va descriure gue nivells elevats de
dhCer C16, C24 i C24:1 estan implicades en els efectes antiproliferatius provocats pel
celecoxib™.

Les dhCer, com les Cer, es localitzen no només en la membrana plasmatica i el ER,
sind també en altres organuls com el nucli o el mitocondri*°. Increments en la relacio
dhCer/Cer en agquestes membranes, fa que augmenti la rigidesa i quedi alterada la
dinamica de les membranes cel-llulars. Aixd0 pot repercutir en alteracions de varis
processos bioldgics com el transport, formacid de vesicules, difusid i senyalitzacié”.

2.1.3 Esfingosina-1-fosfat

La S1P és una molécula mediadora de diversos processos cel-lulars critics, entre els
gue es troben la proliferacid, creixement cel-lular, supervivéncia, migracio, inflamacio,
angiogénesi i resisténcia a la mort apoptdtica, mostrant aixi efectes antagonics a la
Cer’?. S’ha demostrat també gue la S1P indueix autofagia, protegint la cél-lula de
I'apoptosi i afavorint la seva supervivéncia53.

Tot i que s’han descrit funcions intracel-lulars, generalment la S1P és transportada
fora de la céllula on pot actuar de manera autocrina o paracrina en receptors

METABOLISME DELS ESFINGOLIPIDS: NOVES METODOLOGIES | EFECTE SOBRE L’AUTOFAGIA | 11



altament especifics per la SIP. Aguests receptors s’Tanomenen receptors S1P (S1PRsS) i
estan acoblats a proteina G, regulant aixi diverses vies de senyalitzacid
intracel-lular’®®. S’han descrit cinc S1PR (S1P1.5), I'expressid dels quals varia en funcid
del teixit i el tipus cel-lular. Si bé els receptors S1P;.3 s’expressen de manera ubiqua,
'expressid de S1P4 es limita als teixits limfatics i al pulmo, i el S1Ps Unicament es troba
en cervell i peII55. L’activacié d’aquests receptors estimula diferents vies de
senyalitzacid on participen MAPK (proteina cinasa activada per mitogens), la
fosfatidilinositol-3-cinasa (PI3K), AMPK (proteina cinasa activada per AMP) i altres
mediadors intracel-lulars®®. Els efectes de la S1P a través d’aquests receptors inclouen
reestructuracio del citoesquelet, proliferacié cel-lular, migracio, invasio, angiogénesi i
transport de limfocits®’. Mentre gue els efectes de la SIP mitjancant els SIPRs estant
molt ben caracteritzats, les accions de la S1P intracel-lular no es coneixen amb
exactitud. Sembla ser que la SIP que no interacciona amb els receptors
extracel-lulars, participa en la regulacid del creixement cel-llular i la supressid de
I’apoptosiss.

Degut a la varietat d’accions de la S1P, la regulacid dels seus nivells és de gran
interés. La S1P és generada a partir de la fosforilacid de la So per I'enzim SK, i la seva
degradacid té lloc per I'enzim SIPL i també per fosfatases. Encara que esta
demostrat que principalment la generacié de S1P depén de I'activitat de la SK1 i SK2,
aquesta també esta limitada per la disponibilitat de So. Es en aquest punt on es parla
del “redstat dels esfingolipids” (figura 6).

CDasa SK S1PL

So
CerS S1PP

PEA +
Hexadecenal

Cer

Supervivencia

Apoptosi
Proliferacio

Aturada cicle cel-lular

Figura 6: Esquema de la relacié entre Cer i SIP. El desti cel-lular depén de I'equilibri entre esfingolipids
bioactius amb funcions oposades en senyalitzacio cel-lular

Aqguest mecanisme té com objectiu 'homeostasi cel-lular i consisteix en I'equilibri
entre la Cer i la S1P, entesos com a metabolits amb funcions oposades. Per una
banda es troba la Cer relacionada amb apoptosi, aturada del cicle cel-lular i
senescéncia. La So també ha estat relacionada amb processos anti-proliferatius com
I’aturada del cicle cel-lular i I’apoptosisg. Per altra banda la S1P esta involucrada entre
altres processos com la proliferacid, creixement cel-lular i supervivéncia, convertint-
se aixi en un lipid antagdnic a la Cer. Com aquests metabolits es poden convertir
entre ells, la qUestid no és les quantitats absolutes, sind els nivells relatius el que
determinara el desti cel-lular. En aquest context, sabent que la formacié de So depén
de l'activitat de les CDases, es podria dir que I'equilibri de I'activitat CDasa i STPL sdén
claus pel manteniment de ’homedstasi cel-lular.
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2.2 Enzims del metabolisme dels esfingolipids

Existeixen desordres metabodlics associats al metabolisme dels esfingolipids
anomenats esfingolipidosis. Aquestes patologies estan causades per mutacions en
gens d’enzims del metabolisme dels esfingolipids que provoquen una activitat
deficient i causen acumulacid de lipids especifics en els organuls cellulars. Per
exemple mutacions en el gen ASAHT que codifica per la CDasa acida lisosomal,
provoca la malaltia de Farber o IipogranulomatosisGo. La malaltia recessiva Niemann-
Pick tipus A i B és deguda a mutacions en el gen SMPDI] que codifica la aSMasa i
causa greus desordres lisosomals provocant generalment la mort abans dels tres
anys d’edat®’. La malaltia de Gaucher és una altra esfingolipidosi caracteritzada per
lacumulacié de glucoesfingolipids en els lisosomes de céllules del sistema
immunitari monocits/macrofags a causa d’una mutacid puntual en el gen GBAT®.

Malgrat que els esfingolipids consisteixen Unicament en una petita fraccid dels lipids
totals de la cél-lula, canvis en els nivells d’esfingolipids o alteracions en els enzims del
seu metabolisme han estat relacionats de manera convincent amb la iniciacié i
progressiod de diverses malalties. A part d’aquests sindromes particulars esmentats,
les alteracions del metabolisme dels esfingolipids s’han observat també en malalties
neurodegeneratives com I'Alzheimer, malalties cardiovasculars, inflamacid cronica,
diabetis tipus 2 o cancer®. Es per aixd que els diferents enzims del metabolisme dels
esfingolipids s’han convertit en prometedores dianes terapéutiques.

2.2.1 Dihidroceramida dessaturasa 1

Aqguesta seccidé ha estat recentment tractada en un revisié del nostre grup. Parts
d’aquesta revisid s’han reproduit en aquest apartat64.

La Desl catalitza la insercidé d’'un doble enllac en la dhCer per convertir-la a Cer en
I’Ultim pas de la via de biosintesi de novo dels esfingolipids. El gen que codifica per
Desl va ser clonat en Drosophila melanogaster per primera vegada en 1996, i es va
anomenar “drosophila degenerative spermatocyte 1”7 o DEGST®®. Actualment el gen
de la Desl s’anomena DEGST o també DES]. En el 2002 es va identificar I'enzim
homoleg dihidroceramida dessaturasa 2 (Des2) que codifica pel gen DEGS2 o DES2
(figura 7).

OH OH OH
L Desl P : Des2 :
HO ™ ™ (CH)12CHy < HO™ Y " (CHaisCHy = HO™ 7 7 “(CHo)12CH,
R NH R NH R NH OH
\[O]/ Ceramida \[O]/ Dihidroceramida \[O]/ Fitoceramida

' i '
: ' :

Esfingolipids Dihidroesfingolipids Fitoesfingolipids

Figura 7: Activitat Des1i Des2. Modificada a partir de Casasampere i col., 2016%*
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A diferéncia de Desl gque mostra una gran activitat dessaturasa i baixa activitat
hidroxilasa, 'enzim Des2 presenta ambdues activitats®®. Aixi Des2 tenint les dhCer
com a substrat, genera Cer perd també fitoceramides. Es per aixd que Des2 es troba
preferentment expressada en lintesti prim, pell i ronyc'>67, on la produccié de
fitoceramides és essencial. En canvi Des1 esta present en tots els teixits.

La Desl és un enzim transmembrana localitzat en el ER. La seva estructura terciaria
esta formada per quatre dominis transmembrana, la preséncia de dominis d’unié a la
histidina i una regid sensible a la miristoilacio®’ (figura 8). Tot i ser una proteina del
ER, s’ha demostrat que la miristoilacié (acilacié de I'enzim amb un acid miristic) fa
qgue l'enzim es traslladi de manera excepcional a la membrana externa del
mitocondri, on provoca un augment de Cer que indueix apoptosiGS.
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Figura 8: Representacid esquematica de l'estructura terciaria de la Desl. S’il-lustren els quatre dominis
transmembrana (blau), els dominis d’'unié a histidina (vermell) i el lloc de miristoilacié de la glicina
(taronja)®’

Per la seva activitat catalitica requereix poder reductor NAD(P)H'®®® i una cadena de
transport d’electrons amb I'oxigen com a acceptor final (figura 9). L’electré del
NAD(P)H passa per la reductasa NADH-citocrom b5, pel citocrom b5, per I'enzim
Desl que finalment redueix I'oxigen a aigua i oxida la dhCer a Cer. Es per aquesta
dependeéncia d’oxigen que tant Desl com Des2 sén sobreexpressades en condicions
d’hipdxia per compensar la poca activitat enzimatica, que resulta amb un augment
de produccié de dhCer’®. També s’ha descrit la inhibicié de Desl per espécies
reactives d’oxigen (ROS), el que suggereix que el desequilibri redox influeix en
I'activitat de I'enzim’’. Més recentment, s’ha proposat un mecanisme d’accid similar
amb la preséncia de la reductasa NADH-citocrom b5 per ’homologa Des2”?.

Cer
NADH CYB5R (FADH2) Cyt bs (Fe?) Desl (Fe2") dhCer

NAD* CYB5R (FAD) Cyt bs (Fe3%) Desl (Fe3%) H20

O

Figura 9: Complex enzimatic de Des1®
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En comparaciéo amb les Cer, I'abséncia de doble enlla¢c en les dhCer altera en gran
mesura les propietats biofisiques de la molecula’. Es per aixd que la falta d’activitat
dessaturasa i I'abséncia del doble enllac en la cadena esfingoide té conseqgiéncies
greus en la funcié cel-llular. Estudis en ratolins DEST knockout il-lustren de manera
molt clara la importancia d’aquest enzim en la fisiologia cel-lular. Tot i que els ratolins
homozigots DEST knockout sén viables, presenten greus anormalitats i acaben morint
en les primeres vuit setmanes de vida’®. L’estudi cel-lular d’aquests ratolins mostra la
seva resisténcia a l'apoptosi i alts nivells d’autofagia. Els ratolins heterozigots, en
canvi, sén viables, perd presenten un desequilibri de la relacid dhCer/Cer en
multiples drgans. Aquest fet sembla que protegeix els ratolins de la resisténcia a la
insulina, de la disfuncid vascular i de la hipertensid provocada per 'obesitat. Aquests
descobriments obren un nou camp d’investigacid, partint de la Desl com a diana
terapéutica, per revertir disfuncions vasculars relacionades amb I'obesitat’®.

Tenint en compte els estudis citats anteriorment i el creixent nombre d’articles
publicats sobre dhCer i Desl, queda demostrada la importancia dels
dihidroesfingolipids en la biologia cel-llular. La investigacid en la funcidé biologica
d’aquestes molécules poden revelar terapies innovadores basades en la modulacid
de I'enzim Desl. La regulacidé de Desl per acids grassos s’ha demostrat en diferents
estudis. A part de l'activacid i translocacié al mitocondri per I'acid miristic’®, I'acid
palmitic augmenta I’expressié i per tant l'activitat de Desl. No és aixi en el cas del
tractament conjunt de palmitic amb acid oleic, que per contra atenua 'augment de
mRNA de Des1 i disminueix els nivells de Cer’’. La disminucié d’activitat de I'enzim es
pot aconseguir amb inhibidors especificament dirigits o certs farmacs i compostos
naturals amb capacitat d’inhibir Des.

2.2.1.1 Inhibidors de Desl1

La disponibilitat d’inhibidors de Desl i el seu Us com a eines farmacologiques ha
ajudat a refutar la idea d’entendre les dhCer com a lipids innocus. Aquestes
evidéncies han sorgit d’assajos on la inhibicié de Desl provocava una acumulacié de
dhCer. Diversos farmacs i productes naturals mostren efecte inhibidor sobre DesT,
perd parallelament s’han dissenyat de manera racional inhibidors que actuen
especificament en el centre actiu de I'enzim com els compostos XM462 i C8-
ciclopropenilceramida (GTI11) (figura 10). Les conseqUéncies de l'accid d’aquestes
molécules varia en funcid de la linia cellular, el grau d’inhibicid i el context
experimental.

El primer farmac que es va descriure com a inhibidor de la Desl va ser la fenretinida o
4-HPR (4-hidroxifenilretinamida). Es un derivat sintétic de I’acid retinoic, un analeg
de la vitamina A, que ha estat estudiat amb profunditat per la prevencid i tractament
del cancer’®. El grup fenol, que no esta present en I'acid retinoic, esta probablement
involucrat en la inhibiciéo de Desl. Des de la seva sintesi en la década de 1960,
diversos articles s’han publicat intentant esbrinar els mecanismes moleculars
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associats als seus efectes. En primer moment es pensava que augmentava les Cer

7 . .
980 No obstant, posteriorment es va descobrir que

per activacié de la SPT i la CerS
eren les dhCer i no les Cer els esfingolipids que s’acumulaven, i que 'augment era
causat per la inhibicid de Desl per part de 4-HPR®", Degut a que la 4-HPR afecta
I’estat redox generant ROS i que es coneix que l'activitat Desl1 disminueix per estrés
oxidatiu, sembla ser que es tractaria d’una inhibicid indirecta. No obstant, s’ha descrit
la inhibicid irreversible de Desl per 4-HPR in vitro i per tant demostraria que és un

inhibidor directe®.

(6] OH (0] (6]
PN N _0 AN = O
| H
HO OH

Fenretinida Curcumina

(CH2)4CH3
A®-tetrahidrocannabiol SKI I
OH OH (CHy);,CHs OH OH
T T S
N H/V “(CHy)12CH;
HN\H/(CH2)7CH3 HN\”/(CH2)7CH3
(6] (0]
GTN XM462

Figura 10: Estructures quimiques dels compostos descrits com inhibidors de Desl

Altres compostos aromatics descrits com inhibidors de Desl sén la curcumina,
component bioactiu aillat de la curcuma®’ o el A°-tetrahidro-cannabinol (THC),
principal component actiu de la marihuana o Cannabis sativa®®. Aquestes molécules,
al no estar estructuralment relacionades amb les (dh)Cer, sembla que podrien actuar
de manera indirecta sobre Desl alterant l'estat redox i pertorbant la cadena de
transport d’electrons imprescindible per 'activitat de Desl.

Diversos investigadors suggereixen que les formes naturals de la vitamina E, el y-
tocoferol (y-T)84 i el y-tocotrienol (y-TE)85 inhibeixen Desl i per tant augmenten els
nivells de dhCer. Tot i que no es coneix el mecanisme molecular per el qual actuen,
és possible que estigui relacionat amb alteracions de I’'estat redox.
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Recentment s’ha descrit que el inhibidor de la esfingosina cinasa Il (SKI-II) o (4-[[4-
(4-clorofenil)-2-tiazolilJamino]fenol, a part de ser inhibidor de les SK1i SK2, és també
un inhibidor no competitiu de I'enzim Desl (K;=0.3 uM)se. Estudis de modelatge
molecular recolzen la idea que I'accié del SKI-Il en I'activitat Desl pot resultar de la
inhibicidé de la reductasa NADH-citocrom b5 de la cadena de transport d’electrons.
En la linia cel-lular HGC27, el tractament amb SKI-Il provoca tant la disminucié dels
nivells de S1P, com l'acumulacié de dhCer. En comparaciéo amb el tractament amb
PF-543 (inhibidor especific de la SK1), només amb SKI-Il es veu disminucié de la
proliferacié cel-lular, aturada del cicle en Go/G; i induccidé d’autofagia. Per tant
aquests efectes del SKI-Il sén probablement com a conseqléncia de la inhibicié de
Desli no per la seva accio sobre SK.

El primer inhibidor sintétic de Desl1 que es va publicar va ser el compost GT11®¥. Es un
analeg d’esfingolipid amb un ciclopropa que és actiu tant /in vitro com en cél-lules

. 47
intactes?”®®

. En un cultiu primari de neurones, el GT11 inhibeix de manera molt eficac
amb una ICso de 23 nM. Per altra banda, a concentracions majors (=5 uM), el GT1
provoca una acumulacid de bases lliures fosforilades, fet que porta a pensar que
I'activitat STPL esta disminuida. A més aquesta acumulacid, inhibeix l'activitat SPT
disminuint tota la biosintesi de novo®. El XM462 és una 5-tiadihidroceramida
dissenyada per inhibir de manera directa I'enzim Des1®’, en base al mecanisme de
’enzim en la dessaturacid. Aguesta molécula es distingeix del substrat natural per la
preséncia d’'un atom de sofre enlloc del grup metil en el C5. El XM462 inhibeix
I’enzim tant in vitro (ICso= 8.2 uM) en microsomes de fetge de rata com en cel-lules
intactes (ICso= 0.43 uM), en cel-lules humanes de leucemia Jurkat A3%°. S’ha utilitzat
aquest inhibidor com a eina farmacolodgica per esbrinar el paper de les dhCer com
inductores d’autofagia en cél-lules de cancer gastric HGC27. S’ha demostrat que el
XM462, a concentracions que no alteren la viabilitat cel-lular, produeix una
acumulacié de dhCer, i que aquesta acumulacid esta associada en alteracions de
'expressid de la ciclina D1, endarreriment de la transicid G,/S en el cicle cel-lular per

activacio de l'estrés del ER i en la induccié d’autofagia®®**,

2.2.2 Ceramidases

Les CDases catalitzen la hidrolisi de les Cer per generar So i un acid gras. Més tard la
So es fosforila per formar la S1P per accid de les SK. Degut a que la fosforilacid de la
So és I'dnica via per formar S1P, els nivells de S1P depenen de la disponibilitat de la
So generada per les CDases. Aixd suggereix que les CDases tenen un paper clau no
tant sols en la regulacid de la hidrolisi de Cer sind també en la generacié de S1P, i per
tant les CDases sén enzims que exerceixen un paper molt important en el control del
desti cel-lular.

Segons els seu pH optim d’activitat es poden classificar en CDasa acida (AC), neutra

(NC) i alcalina (ACER). Existeixen cinc CDases humanes codificades per cinc gens
diferents: ’AC codificada pel gen ASAHI, la NC codificada pel gen ASAH2 i tres
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CDases alcalines ACER1, ACER2 i ACER3 codificades pels gens ASAH3, ASAH3L i
PHCA respectivament (taula 1). Cada CDasa té una distribucié en teixits, localitzacio
subcel-lular i especificitat de substrat diferent. Mentre que I'AC s’expressa de manera
ubiqua i es troba en els lisosomes, la NC es localitza en la membrana plasmatica,
mitocondri o secretada en l'espai extracellular®®. En el cas de les alcalines, 'ACER1
s’expressa exclusivament en el ER de les cél-lules de pell, TACER2 es localitza en el
Golgi i 'ACER3 es troba tant en el ER com en el Golgi. Tant ACER2 com ACER3
s’expressen en tots els teixits, perd sén particularment abundants en la placentam. A
part de I'hidrolisi de la Cer, per algunes CDases s’ha descrit una activitat reversa
donada pel mateix enzim. D’aquesta manera a partir d’'una base esfingoide i per
accid de la CDasa (en aguest cas reversa) es genera Cer. Aquesta activitat difereix
de la CerS pel substrat. La CerS utilitza acil-CoA, mentre que l'activitat reversa de la
CDasa s’inicia amb acids grassos lliures®?.

Enzim Gen pH optim Localitzacié subcel:lular

Ceramidasa acida (AC) ASAH]T 4.5 Lisosoma

] Membrana plasmatica,
Ceramidasa neutra (NC) ASAH2 7.6 ] o
mitocondri i secretada

Ceramidasa alcalina 1

ASAH3 8.5 Reticle endoplasmatic
(ACERY)
Ceramidasa alcalina 2 ]
ASAH3L 7-9 Aparell de Golgi
(ACER2)
Ceramidasa alcalina 3 Reticle endoplasmatic i aparell
PHCA 9.5
(ACER3) de Golgi

Taula 1: Tipus de CDases classificades en funcié del pH optim per la seva activitat enzimatica i la seva
localitzacio cel-lular

2.2.2.1 Ceramidasa acida

L’AC, també coneguda com N-acilesfingosina amidohidrolasa 1, esta codificada pel
gen ASAHT en humans. Es una glicoproteina heterodimérica formada per 2
subunitats, la a (no glicosilada, 13 kDa) i la B (glicosilada, 40 kDa). Es sintetitza en el
ER com a precursor inactiu i es processa de manera post-transcripcional en els
lisosomes on les dues subunitats queden unides per ponts disulfur®. Aqguesta
modificacié post-transcripcional s’activa en pH acid i és un mecanisme per evitar
I'activacié prematura de I’enzim abans que arribi al lisosoma. El centre actiu d’aguest
enzim conté un tiol nucleofilic en el residu cisteina (Cys 143) que queda exposat en el
NH,-terminal de la subunitat B després del trencament de la proteina precursora. Les
Cer amb un acid gras amb una cadena de carbonis de C12-C14 sén els millors
substrats per ’AC en comparacié amb cadenes curtes (£C6) o amb cadenes llargues
(2C16). A més sembla ser que prefereix Cer insaturades (com C18:1 o C18:2) a
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saturades (C18) com a substrats®® i gue és incapac d’hidrolitzar dhCer®. El pH optim
de la seva accid hidrolitica es troba en 4.5 i no necessita cations per a la seva
activitat enzimatica®®.

L’AC és un element clau en el catabolisme de la Cer en cél-lules humanes i la seva
deficiencia congénita és la causa de la malaltia de Farber o Iipo-granulomatosieo. Es
una malaltia autosdOmica recessiva que presenta un desordre en 'emmagatzematge
de lipids caracteritzat per una acumulacié de Cer en diversos teixits, entre els quals
es troben el fetge, la melsa i els pulmons. L’AC també esta implicada en altres
desordres metabodlics com la diabetis tipus 2, prevenint la malaltia a través de la
modulacid de les vies de senyalitzacioé de la insulina®. La malaltia d’Alzheimer també
es caracteritza per nivells significativament elevats d’AC, tenint un paper en el
control de l'apoptosi neuronal®®. També s’han detectat alteracions en 'expressio
d’AC en diverses linies tumorals com en el cancer de prbstatagg, cancer de cap i

coll™°

, o melanoma'. En termes generals, la sobreexpressid de I'AC té un efecte
protector en les cél-lules tumorals, promovent la conversid de la pro-apoptotica Cer
a l'anti-apopototica S1P. Corroborant la idea que I’AC té un paper en la supervivencia
cel-lular, es va comprovar que el knockout de 'AC en ratolins provocava la mort en
les primeres etapes dels embrions. Per contra, el tractament amb S1P exdgena
retardava la mort dels embrions, suggerint que 'efecte letal del knockout de I'AC és

degut en part a la incapacitat de generar S1P™02,

2.2.2.2 Ceramidasa neutra

La NC o N-acilesfingosina amidohidrolasa 2, és una proteina que es troba en la
membrana plasmatica com a una proteina integral de membrana amb el domini
catalitic orientat cap a 'espai extracel-lular'®®
ha estat establert, perdo sembla ser que prefereix Cer de cadena llarga (C16-C22)
abans gque les de cadena molt llarga (2C24)°% | que és incapac¢ d’hidrolitzar dhCer®.

El seu pH Optim d’activitat es troba entre 6.5 i 8.5, i no necessita cations per la seva
105

. L’especificitat del substrat de la NC no

activitat 7. L’enzim també es pot excretar quan una proteolisi de la regidé terminal fa

gue perdi el seu ancoratge en la membrana'®®
en els mitocondris en les linies cel-lular MCF-7 i HEK293

la membrana plasmatica i la seva forma secretada, la NC participa en la hidrolisi de la

. També s’ha descrit la seva preséncia

1 . .,
%5 per la seva localitzacio en

Cer tant de la membrana com de la que es troba lliure en el medi extracel-lular. Es
per aixd que la seva funcid principal és actuar com un enzim digestiu i participar en
la catabolisme dels esfingolipids de la dieta; i es troba altament expressada en les
vellositats al llarg de tot I'intesti primm. De la mateixa manera que ocorre amb I'AC,
la NC promou la proliferacio i la supervivéncia cel-lular atenuant la senyal de la Cer i
augmentant I'efecte de la S1P. Per aix0 la inhibicid de la NC provoca aturada del cicle

. .1
cel-lular i/o apoptosi 08
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2.2.2.3 Ceramidases alcalines

S’ha descrit I'existéncia de tres CDases alcalines humanes: ACER1, ACER2 i ACER3,
totes elles amb multiples dominis transmembrana i un pes molecular similar al
voltant de 31 kDa. Tot i que les tres ACERs comparteixen una gran semblanca en la
seqUéncia proteica, cada una presenta unes propietats especifiques. Degut a les
diferéncies en I'especificitat de substrat, localitzacid cel-lular, distribucid en els teixits
i nivell d’expressio, és d’esperar que les ACERs presentin diferents papers en les
respostes cel-lulars.

2.2.2.3.1 Ceramidasa alcalina 1

L’ACERT1 és una proteina amb diversos dominis transmembrana localitzada en el
ER'®. S’ha descrit que el pH optim per TACER1 és 8.5 i que I'activitat és molt baixa en

N . . 1
abséncia de cations'”®

. En el mateix estudi s’indica que I'ACER1 prefereix Cer de
cadena molt llarga i insaturada com a substrat (com les Cer C24:1), enlloc
d’hidrolitzar dhCer o fitoceramides. Més tard s’ha demostrat que 'ACER1 també pot
hidrolitzar dhCer insaturades perd no dhCer saturades per donar les conseqlents
especies de dhSo®. Tot i aixi aquesta capacitat es troba limitada a certs tipus
cel-lulars com els queratinocits de I'epidermis. L’activitat /in vitro augmenta amb Ca®’i
no amb altres cations, indicant per tant que el Ca®" és un activador idnic especific per
ACERI1. A més el tractament amb thapsigargin, un inhibidor de la Ca®" ATPasa que
esgota els nivells de Ca®" del ER, bloqueja la generacidé de So en resposta a la

-|91

sobreexpressio d’ACERT. Aixd suggereix que l'activitat cel-lular I’ACERI1 és regulada

pels nivells de Ca®* en el ER.
L’ACER1 es troba principalment expressada en peII110
superiors de I'epidermis. Es en aquest teixit on 'ACERI realitza el seu paper més

, concretament en les capes

important regulant la diferenciacié dels queratinocits, el principal tipus cel-lular de
'epidermis. La So és un lipid bioactiu amb propietats anti-proliferatives que
afavoreixen la diferenciacié. Per tant, és l'augment de So causat per l'activitat
d’ACERT el que provoca I'aturada del creixement i la induccié de la diferenciacié dels
gueratinocits.

2.2.2.3.2 Ceramidasa alcalina 2

Analitzant els nivells de mRNA, s’ha pogut concloure que I'ACER2 és una CDasa
altament expressada en la placenta, tot i que també s’expressa de manera moderada
en altres teixits". L’ACER2 presenta una gran similitud en la seqUéncia de proteina
amb ’ACER1, amb diversos dominis trans-membrana, perd en aquest cas localitzada
en l'aparell de Golgim. Al tenir dominis transmembrana imparells, la cua N-terminal es
troba orientada en el lumen de Golgi i la C-terminal en la cara citosolica. S’ha

demostrat que aquesta disposicid és imprescindible per la correcta localitzacié de
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’ACER2 en Golgi i per la seva activitat CDasa “. El seu pH optim es troba entre 7i 9 i

requereix Ca”" en el lumen del Golgi per la seva optima activitat tant in vitro com en

"2 Tal com ocorre amb I’ACER]1, 'ACER2 utilitza preferentment les Cer com a

substrat enlloc de les dhCer o les fitoceramides™. S’ha descrit qgue 'ACER2 catalitza
la hidrolisi de la majoria d’espécies de Cer de mamifers, amb preferéncia per les Cer
12

cél-lules

de cadena llarga insaturada “. Malgrat la seva preferéncia per les Cer, 'ACER1 i
ACER?2 son capaces d’hidrolitzar dhCer de cadena molt llarga i insaturada (C24:1)°%; i
son aquestes dhCer les espécies més abundants en les linies tumorals. Tenint en
compte que ni ’AC ni la NC poden hidrolitzar dhCer, i que I'habilitat de 'ACER1 per
hidrolitzar dhCer es limita als queratinocits, sembla ser que és ''ACER2 la CDasa

responsable de la generacid de dhSo a partir de dhCer en les cél-lules tumorals®.

En funcié dels seus nivells d’expressio, 'ACER2 estimula la proliferacié cel-lular o
’aturada del creixement. Augments moderats de I'expressido d’ACER2 promouen la
proliferacid cel-lular i supervivéncia, segurament provocats per la disminucid dels
nivells de Cer i 'augment de S1P. Curiosament, si I'increment d’expressiéo d’ACER2 és
molt elevat es pot arribar a fragmentar el complex de Golgi. Aixd provoca un
augment anomal dels nivells de So que inhibeixen la proliferacid cellular™. L’ACER2
també exerceix un paper important en la regulacid de la glicosilacié de proteines en
el Golgim. La sobreexpressid d’ACER2 inhibeix la glicosilacid del precursor de la
subunitat B1 de la integrina, el que provoca una inhibicié de lI'adhesidé cellular a la
matriu extracel-lular. Una altre estudi mostra que en céllules HelLa I'expressio
d’ACER2 augmenta en resposta a la privacid de sérum. El knockdown d’ACER2
inhibeix la proliferacid de les cél-lules HelLa i provoca apoptosi en un medi de cultiu
sense sérum. Aquests resultats suggereixen que la sobreexpressido d’ACER2 té un
paper protector en la supervivéncia cel-lular en contra de la privacid de serum™.

2.2.2.3.3 Ceramidasa alcalina 3

L’ACERZ3, altrament anomenada fitoceramidasa alcalina (aPHC) per la seva capacitat
d’hidrolitzar I'analeg sintétic de Cer D-ribo-C12-NBD-fitoceramida /in vitro, va ser la
primera ACER clonada en mamifers™. L’ACER3 és homologa a ambdues ACERT i
ACER2, amb diversos dominis transmembrana i localitzada tant en el ER com en el
Golgi™. El seu pH optim és al voltant de 9.5 i la seva activitat s’estimula amb Ca®"™.
A diferéncia de les altres CDases, 'ACER3 té una especificitat pel substrat unica.
Mentre que la resta de CDases utilitzen com a substrat especies de Cer abundants en
els mamifers (C16, C24 i C24:1), TACER3 només catalitza espécies poc abundants,
com les Cer de cadena llarga mono- o poli-insaturada (C18:1, C20:1 o C20:4), i no és
capac¢ d’hidrolitzar-les si tenen cadena saturada (C18) o cadena molt llarga
insaturada (C24:)". No obstant '’ACER3 es diferencia de les altres CDases per ser la
Unica capac¢ d’hidrolitzar amb la mateixa eficiéncia Cer, dhCer i fitoceramides tant en
céllules com in vitro™ (figura 11). Cal destacar que les Cer i dhCer de cadena llarga
poliinsaturades sén substrats de I'ACER3 tot i que aquestes espécies no s’han

.. . n4
detectat en cap linia cel-lular de mamifer ™.
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Figura 11: Metabolisme de les Cer, dhCer i fitoceramides per accié de les diferents CDases. S’indiquen les
preferéncies de substrat per cada CDasa. Modificat de Mao i col., 2008

Es van analitzar els nivells de mRNA de ''ACER3 en diverses linies cel-lulars per gPCR
i es va observar que aquesta CDasa es trobava altament expressada en cél-lules
endotelials, fibroblasts, muscul llis i cél-lules hematopoétiques114
MRNA estaven correlacionats amb un augment d’activitat CDasa. Aquests resultats
demostren que ACER3 és la CDasa alcalina més activa en una gran varietat de
models cel-lulars. El knockdown de ’ACER3 inhibeix la proliferacié cel-lular degut a
una activacié de p21, un inhibidor de la cinasa dependent de ciclina. Segurament
aquesta inhibicid de la proliferacié cel-lular també és degut a una acumulacié de Cer
gue actua alterant el creixement cel-lular. A més aquest silenciament génic provoca
una sobreexpressid de 'ACER2 i per tant es demostra que I'ACER3 i I'ACER2
treballen de manera coordinada per compensar la pérdua d’activitat CDasa i poder

., . ., . . 14
regular aixi la proliferacié cel-lular, controlant els nivells de Cer, So i S1P .

. A més els nivells de

2.2.2.4 Métodes per determinar Pactivitat CDasa

L’interés per les CDases en la biologia cel-lular ha impulsat el desenvolupament de
noves metodologies per determinar I'activitat enzimatica de la CDasa. El primer
assaig que es va descriure es basava en I'iUs de Cer marcades radioactivament amb
*H o "“C. Aquestes Cer eren hidro-litzades i es determinaven els nivells de
radioactivitat presents en el producte de reaccid, I'acid gras”s. Alternativament, per
evitar I'Us de substrats radioactius i tots els seus inconvenients, es van dissenyar
diversos analegs de Cer fluorescents, com la Cer-NBD"™ o la Cer-BODIPY". En
aquests substrats, el fluorofor esta unit al final de la cadena de I'acid gras de la Cer i
per accié de la CDasa s’obté un acid gras fluorescent. Una altre enfoc per mesurar
activitat CDasa és l'avaluacié de la So formada després de ser derivatitzada amb
compostos fluorescents com el NDA (naftale-2,3-dialdehid)"™®
'activitat enzimatica amb tots aquests substrats, és necessari la separacid
cromatografica dels reactius i els productes per cromatografia liquida d’alta
resolucié (HPLC) acoblat a un detector de fluorescéncia. Parallelament, per la

. Per la determinacid de
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determinacié de l'activitat bacteriana, es va descriure la Cer-C10-pyrene, un analeg
de Cer no fluorescent perd que una vegada hidrolitzat per les CDases emet

N .1
fluorescéncia'.

Degut a la validacié de les CDases com a dianes terapéutiques, s’han desenvolupat
inhibidors de les CDases com a possibles nous farmacs. La majoria d’aquests
inhibidors han estat fruit d’un disseny racional, perd molts d’ells han sorgit després
de provar petites quimioteques de compostos. Tot i que existeixen diversos
procediments per determinar [Iactivitat CDasa, el cribratge de llibreries de
compostos requereix metodologies high-troughput screening o cribratge d’alt
rendiment (HTS), i son pocs els procediments que permeten aplicar-les. Com s’ha
indicat anteriorment, la majoria requereixen separacié cromatografica. Un d’aquest
meétodes HTS és I’'Us d’un analeg de Cer marcada amb dos fluorofors, NBD i Nile Red,
gue exerceix transmissid d’energia de ressonancia (FRET) i al hidrolitzar-se per accid
de les CDases, permet la determinacié de l'activitat enzimatica a temps real®. Aixi
mateix, en un treball del nostre grup es va descriure I'Us d’'un substrat fluorogénic,
un analeg cumarinic de Cer, anomenat RBM14C16, per la determinacid de l'activitat
de rac*” (figura 12).

HO/WO 07¥0 ——HO Y "0 00 —— HO" "0 oo

NH\H/(CHZ)nCH3 NH,

0 RBM14

RBM14C8: n=6 \
RBM14C10: n=8 m
RBM14C12: n=10 0 o)

RBM14C14: n=12 )
RBM14Cl16: n=14 Umbel-liferona

l B-eliminacid

Figura 12: Transformacié enzimatica i quimica del RBM14 a umbel-liferona fluorescent

Els diferents RBM14 poden ser hidrolitzats per les CDases i el grup aminodiol
resultant s’oxida quimicament a un aldehid. Seguidament una B-eliminacié espontania
fa que s’alliberi la umbel-liferona fluorescent. La umbel-liferona no emet fluorescéncia
mentre es troba unida a l'estructura de la Cer. Altres analegs del RBM14C16 amb
diferents longituds de cadena es van utilitzar més tard com a substrat de I’'AC per el

diagnostic de la malaltia de Farber'??.

2.2.3 Esfingosina-1-fosfat liasa

La STPL és I'ultim enzim del catabolisme dels esfingolipids que degrada de manera
irreversible la S1P. La STPL catalitza I'escissid de la cadena de carboni en les posicions
2-3, el que comporta la formacid d’'un aldehid de cadena llarga (hexadecenal) i
PEA'”®. Ambdos productes sén utilitzats més tard en la biosintesi dels glicerolipids.
Es més, s’ha descrit que el producte de la reaccid catalitzada per la S1PL, el trans-2-
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hexadecenal exerceix un paper en la senyalitzacié cel-lular que inclou alteracions en
el citoesquelet i activacid de I’apoptosim. Aix0 indica que la funcid bioldgica de la
S1PL no es limita a la degradacidé de S1P, sind que s’amplia a la generacid directa d’un
altre lipid bioactiu. Al ser I'Ultim enzim de via de degradacidé dels esfingolipids, la
S1PL controla I'Unic punt de sortida dels intermediaris dels esfingolipids i també
I’entrada d’aquests al metabolisme dels fosfolipids. Per tant, la SIPL a més de regular
els nivells de S1P, té un paper clau en el control del flux del metabolisme lipidic.
L’esfinganina-1-fosfat (dhS1P), 'analeg saturat de la S1P, també pot ser hidrolitzat per
la STPL generant PEA i I'aldehid saturat hexadecanal com a productes de degradacio
(figura 13).

HO. /7
o /P\O/\/NHZ

S1P (C4=C5)
dhS1P (C4-C5) 2-Hexadecenal
Hexadecanal

Figura 13. La hidrolisi de S1IP i dhS1P per accié de la SIPL genera 2-hexadecenal o hexadecanal,
respectivament

La identificacid del gen de la SIPL humana (SGPLT) es va realitzar I'any 2000 pel
grup de Van Veldhoven'?®, qgue codifica per una proteina de 63.5 kDa. El gen SGPLT
s’expressa de manera ubiqua, excepte en els eritrocits i les plaquetes, i la seva
expressid esta lligada a teixits on la renovacioé cel-lular és constant, com l'intesti, tim
o fetge%. La SIPL homodloga de ratoli presenta un 84% d’identitat i un 92% de
semblanca a la SIPL humana. Es un proteina amb un Unic segment transmembrana
prop del N-terminal que es localitza en el lumen del ER. El domini catalitic es troba
en la cara citosolica facilitant I'accés del substrat en el lloc actiu, concretament la S1P
generada en el citosol per les SK'?’
involucrats en I’enllac amb el piridoxal 5’-fosfat. La STPL forma part d’una subclasse

. La proteina també conté una regié d’aminoacids

de liases carboni-carboni d’aldehid dependents de piridoxal 5’-fosfat i només
reconeix I'isbmer de la base esfingoide amb la configuracié natural com a substrat™’.
La SIPL es localitza principalment al ER perd un petit percentatge es troba en la
membrana interna del mitocondri®®. Es en el mitocondri on el producte de la reaccid,
la PEA, contribueix a la formacid de fosfatidiletanolamina (PE), lipid comu en la
membrana d’aquest organul cel-lular. També s’han detectat SIPL en les membranes

MAM™?.

La majoria dels efectes observats per la modulacié de SIPL es poden atribuir a les
alteracions dels nivells intracel-lulars de S1P. La S1P promou el creixement cel-lular,
migracid, angiogénesi i metastasi, i per tant actua de manera antagonica a
'apoptodtica Cer. Dins la cél-lula es manté un equilibri dinamic entre Cer i S1P per tal
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de regular el desti cel-lular en resposta a un estrés. Es en aquest punt de regulacié on
la STPL té I'habilitat de desplacar I'equilibri cap a la mort cel-lular al degradar i per
tant bloquejar la senyal de proliferacid propia de la SIP. Per tant la SIPL és
imprescindible per mantenir ’lhomeostasi cel-lular perd també participa en el desti
cel-lular.

Alteracions en la seva activitat pot contribuir a I'aparicié de malalties, en especial
aquelles on I'equilibri entre proliferacid i mort és anormal, com és el cas del cancer o
les malalties neurodegenerativess. L’any 2009, Vogel i col-laboradors van publicar la
caracteritzacid d’uns ratolins knockout per la S1IPL™C. Aquests ratolins no van
sobreviure més de tres o quatre setmanes i presentaven greus problemes de
creixement, anémia, limfopénia i diverses anomalies als ronyons, cartilags i ossos. Els
resultats suggereixen que els efectes observats després d’una inhibicid completa de
la STPL, segurament es deuen a la acumulacié de Cer, S1P i altres intermediaris dels
esfingolipids que afecten a I'homeodstasi lipidica alterant diverses vies de
senyalitzacid. Per tant, aguest model animal va ser particularment util per establir la
importancia de la SIPL en la fisiologia animal i aixi plantejar noves estratégies
terapéutiques tenint la SIPL com a diana.

La SIP participa en diversos processos cel-lulars essencials i aixd fa que les
alteracions en la seva regulacié contribueixin a I'aparicidé de multiples malalties. S’ha
demostrat que en diversos tipus de cancer hi ha alteracions en I'expressiod de la S1PL.
En aquestes cel-lules malignes, la pérdua de l'activitat SIPL provoca una acumulacio
de STP i una reduccié de la generacié de Cer, que afavoreix la resisténcia a 'apoptosi
i per tant s’aconsegueix escapar de la mort cellular™. Per tant la S1PL promou la
tumorigénesi a través de 'activacid de les vies de senyalitzacié de la S1P.

La S1P exerceix un paper clau en el transport i la diferenciacid de les cél-lules
immunitaries. Es per aixd que el sistema immunitari és especialment sensible a
alteracions en l'activitat STPL. Els nivells de S1P en la sang i en la limfa sén alts, en
comparaciéo amb la majoria de teixits. Aquesta diferéncia estableix un gradient en la
concentracié de S1P entre els fluids (sang i limfa) i els drgans limfatics, que es manté
estricament per l'activitat STPL en aquests teixits. El gradient de S1P és essencial per
la sortida dels limfocits dels 6rgans limfatics™2 A part d’aguest paper en el transport
de limfocits, la S1P i conseqlentment la SIPL, participen en la proliferacio,
supervivéncia i diferenciacié de les cel-lules immunitaries™. Es per aixd que
I'alteracio de I'activitat STPL té greus conseqgleéncies en el sistema limfatic i comporta
'aparicid de malalties immunitaries. Entre les diferents malalties associades a les
alteracions d’esfingolipids es troba la malaltia d’Alzheimer. Pacients d’Alzheimer
presenten acumulacions de Cer i disminucions dels nivells de S1P, desequilibrant la
balanca cap a la mort cel-lular gradual de neurones. Aquests canvis en els nivells de
Cer i S1P es deuen a que la S1PL i altres enzims relacionats en la degradacié de S1P
estant sobreexpressats en diferents regions cerebrals de pacients amb la malaltia
d’Alzheimer™*,
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Encara no s’ha demostrat la connexid directa entre mutacions de la SIPL o
alteracions de la seva activitat amb malalties humanes concretes. No obstant, els
estudis publicats recolzen la idea de que la SIPL és un regulador critic en diversos
processos fisioldogics i per tant és una prometedora diana farmacologica pel
tractament de multiples malalties, com malalties autoimmunes, neurodegeneratives
5 Com a primer abordament, la inhibicid de la SIPL és una

%6 S’ha demostrat que la pérdua parcial de

o inflamatories
prometedora estratégia terapéutica
I'activitat S1PL afecta la resposta immunitaria i ja s’han presentat inhibidors de la
S1PL com a una nova classe de farmacs immunosupressorsm. Aqguest és el cas del
FTY720, un analeg de So que actua com un potent immunosupressor ja que una
vegada fosforilat és un agonista dels S1PR™. El tractament amb FTY720 evita la
sortida dels limfocits dels nodes limfatics causant una limfopénia i per tant un
bloqueig de la resposta immunitaria™®. La generacio d’inhibidors especifics de la STPL
permetra augmentar els nivells de S1P intracel-lulars i per tant fer Us de la seves
propietats de proteccié contra la mort cel-lular. Per tal d’aconseguir aquest objectiu
és imprescindible el desenvolupament de técniques HTS per mesurar 'activitat STPL i
aixi descobrir nous inhibidors especifics. Alternativament, l'activaciéo de la S1PL
endogena o l'administracid d’'una forma activa de l'enzim pot funcionar com a
mecanisme per reduir els nivells de STP en un context cel-lular on la senyalitzacié de
la STP esta contribuint a I'estat de la malaltia, com pot ser en el cas del cancer, fibrosi
O angiogénesi patolégicam. De manera que, tant la inhibicid com l'activacid de la
S1PL té finalitats terapéutiques.

2.2.3.1 Métodes per determinar P’activitat S1PL

S’han descrit diverses metodologies per mesurar I'activitat SIPL utilitzant substrats
radioactius o fluorescents. El metode radiomeétric més acceptat és el que implica I'Us
de la [4,5-3H]dihidroesfingosina fosfat'?’. Els inconvenients d’aquest assaig és la
necessitat d’utilitzar material radioactiu, és un procediment tedids i la falta de
reactius comercials per obtenir un substrat d’alta qualitat. Més recentment s’han
desenvolupat nous métodes basats en la fluorescéncia per mesurar 'activitat S1PL.
Aqguests meétodes utilitzen substrats fluorescents analegs de la SIP amb diferents

" on l'aldehid resultant fluorescent és pot

fluorofors com NBD™C o un grup BODIPY
detectar per HPLC acoblada a un detector de fluorescéncia. L’'inconvenient d’aguesta
metodologia és que requereix una extraccid lipidica i una separacid cromatografica i

per tant no és aplicable a un enfoc HTS.

Un altre métode independent de fluorescéncia perd que requereix una separacio

142
. En aquest cas el

cromatografica és el que van descriure Berdyshev i col-laboradors
substrat és la SIP i la determinacié de [lactivitat enzimatica es basa en la
quantificacié del (E)-2-hexadecenal per LC/MS. Posteriorment el nostre grup va
presentar una nova metodologia per determinar I'activitat SIPL per cromatografia de
gasos acoblada a un espectrometre de masses (GC/MS)Y'™®. El substrat C17dhS1P és

hidrolitzat per formar pentadecanal que es derivat amb penta-fluorobencil-
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hidroxilamina (PFBHA) i quantificat per GC/MS. L’avantatge d’utilitzar aquest

“2 &s que el pentadecanal és més estable que el (E)-2-

substrat enlloc de S1P
hexadecenal i per tant s’aconsegueix una determinacidé de l'activitat més acurada i
precisa. Una altra aproximacio és I'ds de substrats fluorogénics. En un altre treball del
nostre grup es va descriure un analeg cumarinic de la dhS1P com a substrat de la
S1PL, el RBM13 (figura 14). Una vegada la S1PL catalitza la degradacidé del substrat,
I'aldehid cumarinic resultant pateix una B-eliminacié a pH neutre o alcali que fa que
s’alliberi el producte fluorescent, la umbelliferona. La umbelliferona no emet

fluorescéncia mentre es troba unida a I'estructura de la dhS1P'**.

Umbel-liferona
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Figura 14: Reaccié d’alliberacio de la umbel-liferona del substrat fluorogénic RBM13 per accié de la STIPL'
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3 Autofagia

L’autofagia és un procés dinamic en el que determinades proteines i organuls
cel-lulars sén degradats per accid dels enzims lisosomals. El mot autofagia prové de
les paraules gregues “autds” (que actla sobre si mateix) i “phagia” (menjar). En
condicions fisioldgiques, l'autofagia té un paper clau en I'homeodstasi cel-lular,
funcionant com un sistema de control de qualitat intracel-lular. El proposit és reciclar
material per mantenir el metabolisme actiu durant la hipoxia, escassetat de
metabolits i evitar 'acumulacié de material cel-lular danyat (incloent proteines o
orgémuls)145
amb funcions citoprotectores

. Per tant la induccié d’autofagia és una resposta adaptativa a I'estrés

14 . . . .,
6 També és un procés necessari en la remodelacié de

147 , ,
. Ara bé, és

teixits durant el desenvolupament i en la resisténcia davant infeccions
un procés particularment important durant la falta de nutrients ja que amb
'autofagia s’aconsegueix generar suficient energia pel manteniment de les activitats

cel-lulars essencials.
3.1 Tipus d’autofagia
En les cél-lules de mamifer, existeixen tres tipus d’autofagia (figura 15). S’anomenen:

macroautofagia, microautofagia i autofagia per xaperones (“chaperone-mediated
autophagy”,CMA)Ms.

Endosomal
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Figura 15: Tipus d’autofagia: macroautofagia (anomenada comunament “autofagia”), microautofagia o

autofagia per xaperones™®

La macroautofagia, anomenada comunament “autofagia”, és un procés amb varies

etapes successives que es caracteritza per la formacié d’'unes vesicules de doble
membrana denominades autofagosomes que capturen material citoplasmatic i el
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transporten fins els lisosomes (figura 16). Aquesta doble membrana s’origina a partir
del fagofor, una estructura membranosa formada per lipids i proteines també
anomenada “membrana d’aillament”, que va creixent fins formar la vesicula. L’origen
exacte del fagofor segueix sent desconegut, perd sembla ser que prové de la
membrana plasmatica, el ER, el Golgi i el mitocondri'*®. Durant I’elongacié de la doble
membrana, la proteina LC3 associada a microtubuls es conjuga amb la PE per formar
LC3-Il, un dels principals marcadors d’autofagia. Els autofagosomes sén transportats
a través dels microtibuls i la fusidé daquests amb el lisosoma forma
'autofagolisosoma de membrana simple. Opcionalment, I'autofagosoma es fusiona
amb un endosoma tarda per formar 'amfisoma que també acabara fusionant-se amb
el lisosoma. Dins del lisosoma, la H" ATPasa vacuolar manté I'ambient acid necessari
per a que actuin les hidrolases lisosomals degradant el material retmgut150 La
degradacid de proteines solubles i contingut citoplasmatic genera aminoacids i acids
grassos que es poden metabolitzar com a resposta a una demanda energética en
periodes d’estrés cel-lular. Aquesta via catabodlica generalment és estimulada davant
I’escassedat de nutrients.

Autofagosoma Fusié amb lisosoma Autofagolisosoma

Figura 16: Representacid esquematica de la progressié de lautofagia, des de la formacié de
'autofagosoma fins a la degradacid de la carrega segrestada en l'autofagolisosoma. Es destaca la
preséncia i la degradacié del marcador d’autofagia LC3-II

Generalment l'autofagia és una via de degradacid citoplasmatica no selectiva,
tanmateix pot tenir dianes especifiques com proteines agregades (agregafagia),
organuls com el mitocondri (mitofagia), el ER (reticulofagia) i els peroxisomes
(pexofagia), les gotes lipidiques (lipofagia), les particules de glicogen (glicofagia), i
patogens (xenofagia)151
participen en el reconeixement selectiu i en el reclutament de la carrega en

. En aquests tipus d’autofagia selectiva, diversos receptors

'autofagosoma. El| receptor millor caracteritzat és la proteina sequestosoma 1
(SQSTM1) o p62. El catabolisme cel-lular esta format principalment per dos vies,
'autofagia i el sistema ubiquitina-proteosoma. Mentre el proteosoma esta
estrictament dedicat a la degradacié de proteines, el lisosoma pot també degradar
durant l'autofagia altres constituents cel-lulars com organuls o lipids. En analogia al
proteosoma, el reconeixement i la degradacié d’agregats de proteines en l'autofagia
implica la ubiguitinacid. p62 reconeix les proteines ubiquUitinades, interactua amb la
LC3-Il (pel domini associat a ubiglitina) i d’aguesta manera es recluten les proteines
en I’autofagosoma152
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En la microautofagia, no és necessari la formacié de vesicules intermediaries. Aixi
doncs es formen invaginacions en la superficie dels endosomes tardans que atrapen
el material citoplasmatic a degradar per hidrolases luminals. El material a degradar
pot ser engolit directament pels endosomes o de manera selectiva a través
d’interaccié amb les xaperones. En darrer terme, en la CMA les proteines amb la
seqUéncia KFERQ sdén reconegudes i conduides al lisosoma per a ser degradades de
manera selectiva mitjancant complexes de translocacid, enlloc de I'Us de vesicules.
Aqguest tipus de transport requereix l'accidé coordinada de xaperones Hsc70 que
faciliten el desplegament de les proteines danyades i el seu translocament cap a
I'interior del lisosoma a través del receptor de membrana lisosomal Lamp-2A

. . . 151
(proteina associada a la membrana del lisosoma 2A) o

3.2 Vies de regulacié de l’autofagia

La iniciacid de la formacid del autofagosoma, la seva elongacid, transport i fusié amb
els lisosomes esta controlat per un grup de gens relacionats amb l'autofagia, els gens
Atg (figura 17). D’entrada el complex ULK que engloba les proteines ULK1/2
(“Unc51-like kinase 1/2”), Atg13, Atg101i FIP200 regula la iniciacié de 'autofagosoma.
Aqguest complex esta sota el control del complex mMTORC1 que conté mTOR (diana
de rapamicina en mamifers). mTOR esta considerat com el principal inhibidor de
'autofagia i actua com a un sensor de nutrients. En condicions d’abundancia de
nutrients, mTOR és activat per la via de senyalitzacié de la fosfatidilinositol-3-cinasa
classe | (PIBKC1) i la proteina cinasa B (Akt). Per contra, 'escassetat de nutrients
inhibeix MTOR (a través de receptors d’insulina) i resulta en una induccid
d’autofagia. La inhibicido de mTOR esta considerat un pas clau en la activacid
primerenca de l'autofagia®. No obstant, també existeixen mecanismes d’activacié
d’autofagia independents de mTOR com és el cas de la via en la que participa la
cinasa AMPK'™®. AMPK fosforila el complex TSCI1/TSC2 en resposta a nivells baixos
d’ATP, el que comporta la inactivacid de mTOR i la induccidé d’autofagia. AMPK
també pot inhibir la proteina Raptor del complex mTORC1 i per tant bloquejar
I’efecte inhibidor de mTOR sobre ULKI.

Mentre mTOR esta actiu, el complex ULK es manté retingut. Una vegada mTOR
s’inactiva, el complex ULK es dissocia de mTOR i es transloca en el lloc on es formara
'autofagosoma. El seglient complex a activar és el complex PI3KC3 que regula la
nucleacié i assemblatge de la membrana del fagofor. Aquest complex esta format
per la fosfatidilinositol-3-cinasa classe 3 (PI3KC3) anomenada Vps34, la cinasa Vps15
i la Beclin 1. Quan el complex ULK s’activa, la ULK1 pot fosforilar la Vps34 i Beclin 1, i
per tant activar el complex PI3KC3"™*
Rubicon/UVRAG i per Bcl-2. A la vegada el complex interacciona amb diferents

. Aquest complex s’inactiva per l'accié de

proteines activadores com I'Atgl4L, Bif-1/UVRAG i Ambral. Aquesta Ultima és una
proteina pro-autofagica que connecta el complex PI3KC3 als microtubuls. El paper
de ULK1 també és fosforilar Ambral i aixi alliberar el complex PI3KC3 del
citoesquelet, forcant la localitzacid del complex en el ER, el principal organul
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= complex PIZKC3 llavors produeix

responsable de la formacidé de 'autofagosoma
PI(3)P (fosfatidilinositol-3-fosfat) en la membrana de l'autofagosoma a partir de la
fosforilacid del fosfatidilinositol. En condicions basals la proteina mAtg9 és
transfereix entre el Golgi i els endosomes. Durant la induccié d’autofagia la mAtg9 és
la responsable de subministrar lipids principalment des del Golgi o els endosomes
per la biogénesi de l'autofagosoma. Atés que la mAtg9 no s’ha detectat ens els
autofagosomes, és probable que s’elimini abans que l'autofagosoma s’hagi

completatm.

Figura 17: Mecanismes moleculars en la regulacié de 'autofagia. Extret de Maes i col., 2013™

La formacio, expansio i tancament de la membrana de 'autofagosoma esta regulada
per dos processos on participen proteines tipus ubiquitina. En primer lloc, 'Atg7 i
I’Atg10 intervenen en la formacio del complex Atg5/Atgl12. Aquest complex més tard
s'uneix a I'AtgleL, formant el complex AtgleL. Parallelament la proteina LC3
(proteina associada a microtubuls de cadena lleugera 1A/1B 3, Atg8 en llevats) és
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processada per la cisteina proteasa Atg4 per formar la LC3-1. Gracies a 'Atg7, 'Atg3
i el complex Atgl6L, la forma citosolica LC3-l es conjuga pel residu de glicina amb la
PE, generant la forma lipidada LC3-Il associada a la membrana de I'autofagosoma.
Les proteines WIPIs (“WD repeat domain phosphoinositide interacting”) que
interaccionen amb el PI(3)P localitzat en la membrana de l'autofagosoma, sén les
encarregades de reclutar el complex Atgl6L i la LC3-1 i per tant la seva funcid és
essencial per la lipidacié de la LC3-1"
complex Atgl6eL deixa 'autofagosoma i la LC3-Il localitzada a la cara citosdlica es
recicla per accidé de 'Atg4 perdent aixi la PE. No obstant, la LC3-Il que es troba en la

. Després de la formacidé de 'autofagosoma, el

cara interna del autofagosma és retinguda i per tant degradada pels enzims
lisosomals. En humans la proteina de llevat Atg8 té com homologues la proteina LC3
perd també les proteines de la subfamilia GABARAP (“gamma-aminobutyric acid
type A receptor-associated protein”). La LC3 i les GABARAP tenen la funcié de
reclutar proteines a I'autofagosoma com per exemple p62.

Una vegada completat la formacid de l'autofagosoma, la membrana externa es
fusiona amb el lisosoma alliberant el contingut a degradar en el lumen lisosomal. La
membrana interna de l'autofagosoma i el seu contingut es degrada i s’obtenen
aminoacids i acids grassos que s’alliberen altre cop al citosol. Sén aquests
aminoacids els responsables de la reactivacido de mTOR i en conseqUéncia s’atura
'autofagia. A més s’estimula el reciclatge dels components de membrana i
estructures usades, establint un cicle d’autoregulacié que combina la disponibilitat
de nutrients mitjancant l'autofagia i I'homedstasi del lisosoma'™®. La terminacié
d’aquest procés és anomenat flux autofagic. La magnitud d’aquest flux es pot
mesurar amb els nivells de la proteina LC3-1l acumulada amb o sense el bloqueig del
pas de la fusié de 'autofagosoma amb el lisosoma.

Es interessant I'existéncia de diverses vies d’autofagia. La via d’autofagia dependent
de Beclin 1 és defineix com la via candnica o classica; d’altra banda, la via
independent de Beclin 1, és coneguda com l'autofagia no candnica. L’activacio de la
via no canonica significa que l'autofagia és induida en cél-llules on I'expressid de
Beclin 1 no és suficient per induir 'autofagia candnica. Cal destacar que les diferents
vies no son excloents, i poden donar-se alhora I'autofagia convencional i I'alternativa.
En la via canonica o classica I'assemblatge de I'autofagosoma és promogut per la
formacid del complex entre Beclin 1i Vps34. L’autofagia candnica més comu és la
dependent d’Atg5/Atg7, tot i que també existeix una via canodnica independent

1 y L. L
*° Pper contra, I'autofagia no canodnica o no

d’Atg5/Atg7 on tampoc participa la LC3
classica és un procés que no requereix la participacid de tot el conjunt de proteines
Atg per formar l'autofagosoma. Aquesta via alternativa d’autofagia és independent
de Beclin 1i normalment també de Vps34, tot i que no sempre implica independeéncia
de Vps34. Una caracteristica comuna de l'autofagia no candnica és la dependeéncia
de lactivitat del complex ULK 1/2 per la induccié d’autofagia i d’Atg5/Atg7 i LC3 per

. B 1
la formacid de 'autofagosoma 60,
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3.3 Autofagia i esfingolipids

Mlultiples evidéncies indiquen que existeix una relacid entre el metabolisme dels
esfingolipids i l'autofagia. A més, sembla ser que és el balanc entre les espécies
d’esfingolipids el que determinara el desti cel-lular. No obstant, la certesa que els
esfingolipids estan associats al procés autofagic, i els mecanismes pels quals ho
assoleixen, resten incomplets. Els esfingolipids sén components lipidics que abunden
a les membranes dels eucariotes i que intervenen en un ampli ventall de processos
cel-lulars, i és per aixd que s’han convertit en forts candidats com a possibles lipids
estructurals de l'autofagosoma. Concretament la Cer ha estat relacionada amb
aquesta funcio estructural. Durant ’elongacié de l'autofagosoma, s’utilitzen
estructures membranoses del ER. Ja que és en aquest organul on es troben els
enzims de la biosintesi de novo de la Cer, és possible que aquests siguin reclutats en

els autofagosomes i que segueixin produint esfingoll'pidsm.

Diferents esfingolipids bioactius han estat descrits com reguladors de les vies
d’autofagia, sent la Cer i la STP els millors caracteritzats (figura 18). Es coneix que la
Cer exdgena indueix autofagia citotoxica, aixd ocorre en diferents tipus de cancer,
com de colon, de mama, de cérvix, nasofaringi i cél-lules de gliomam. Aixi mateix,
diversos estudis han assignat efectes en la induccié d’autofagia a les Cer enddgenes.
Com per exemple s’ha descrit que el Tamoxifen, un antagonista de receptors
d’estrogens utilitzat en cancer de mama, provoca una acumulacidé de Cer endodgenes

. N . . . . , N .1
i amb conseqléncia s’indueix mort cel-lular associada a I'autofagia 63,

Inhibidors Quimioterapia Inanicié
DesT & l i
Desl CDasa SK
o
CerS S1PP
—] PI3KC1 —> PI3KCI1
- — Akt — Akt
: — mTOR —1{ mTOR
Apoptosi — Beclin 1 Apoptosi —] Beclin 1
— LC3 —» UPR
Autofagia Autofagia Autofagia
? ‘ Mort ceI-IuIar‘ Supervivéncia

Figura 18: Model de l'autofagia relacionada amb els esfingolipids i les seves conseqléncies en el desti

162

cel-lular. Modificat a partir de Li i col,, 2014™°, UPR, “unfolded protein response”
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Els mecanismes per els quals la Cer, tant exdgena com enddgena, indueixen
autofagia sén diversos. Una de les vies de senyalitzacidé implicades és la via on
participa la PIBKC1 i Akt, molécules que regulen negativament I'autofagia. Cadenes
llargues de Cer inhibeixen la fosforilacid de les cinases PI3KC1 i Akt, de manera que
es reverteix I'efecte i es promou I’autofagia163
farmacs quimioterapéutics, com el Tamoxifen, la Cer inhibeix la via de senyalitzacio
de mTOR, augmentant I'expressid de Beclin 1, una proteina pro-autofégicam. Altres
estudis descriuen que la Cer inhibeix transportadors d’aminoacids, provocant una
falta de nutrients i estrés metabodlic que acabara estimulant 'autofagia a través de la
inhibicié de mTOR'®.

. Després d’'un tractament amb certs

També s’ha demostrat que la Cer promou la dissolucid del complex Beclin 1/Bcl-2. La
Cer estimula la fosforilacid de Bcl-2 a través de I'activacio de la cinasa JNKI1 (proteina
cinasa c-Jun N-terminal 1)'°
inhibint la formacid del fagofor i per tant al dissociar el complex es bloqueja la
inhibicié d’autofagia. Una altra diana de la Cer, quan esta localitzada en la membrana
dels mitocondris, és la proteina LC3 dels autofagosomes i que resulta amb la

induccid d’autofagia citotoxica, en aquest cas especific, la mitofégial%.

. Com ja s’ha esmentat la Bcl-2 actua sobre la Beclin 1

La STP també ha estat relacionada amb I'autofagia, perd en aquest cas amb l'objectiu
de la supervivéncia cellular davant I’escassetat de nutrients. Al contrari de
'autofagia associada a la Cer, I'efecte de la S1P no esta relacionat amb I'acumulacio
de Beclin 1 o la inhibicié de PIZKC1 o Akt. S’ha demostrat que la S1IP promou
'autofagia per inhibicid de mTOR, i que aquest efecte és independent de la via de
senyalitzacid de PI3KC1/Akt>. Tot i aixi també s’ha descrit un efecte de la S1P
independent de mTOR. L’augment dels nivells de S1P després de silenciar la fosfatasa
S1PP (enzim catabdlic de la S1P) provoca l'activacié de la resposta UPR (“unfolded
protein response” o resposta a proteines mal plegades) i estrés del ER, amb la

167 s . N . s ..
7 S’observen algunes diferéncies entre 'autofagia

conseqUent activacid d’autofagia
induida per la Cer i la S1P, que podrien ser responsables del desti final de la cél-lula
cap a la supervivéncia o la mort. Tot i que ambdues molécules tenen la capacitat
d’induir 'autofagia, els efectes de la S1P sén més atenuats en comparacié amb la Cer.
Les Cer actuen en etapes més primerenques com PIZKC1/Akt en comparacidé amb la
S1P. Finalment l'estrés que desencadena la resposta també és diferent; les Cer
augmenten per accid de diferents quimioterapéutics, en canvi els nivells de S1P
només es veuen alterats per I'augment de lactivitat SK durant I'escassetat de
nutrients®>. Aqguestes observacions corroboren l'existéncia de I'anomenat “reodstat
d’esfingolipids”, on els nivells relatius i les funcions reciproques d’aquests metabolits

antagonistes (Cer i S1P), controlen i decideixen el desti final cel-lular.

Durant anys la dhCer s’ha utilitzat com a control negatiu de tractaments amb Cer per
induir autofagia, ja que les dhCer eren considerades molécules bioldgicament
inactives. Ara bé, estudis més recents han identificat les dhCer com novadores
mediadores de I’autofagia39. Tenint en compte els estudis descrits, les dhCer poden
induir tant una autofagia protectora com citotoxica. L’'inhibidor de la Desl, XM462
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provoca una acumulacié de dhCer enddgenes i una posterior induccié d’autofagia
gue redueix la toxicitat de I'etopdsid en cél-lules de cancer gé\stric44. D’altra banda,
anticancerigens com la 4-HPRY | el y-TE85 indueixen autofagia citotoxica després
d’'una acumulacié de dhCer. Cal destacar que cap dels mecanismes descrits per la
qual la Cer indueix autofagia sén activats per la dhCer'®®. Aixo fa pensar que les
dhCer han de tenir un paper addicional en la regulacid del desti cellular.
Malauradament l'efecte de les dhCer en lautofagia segueix sent poc clar i
controvertit.

3.4 Relacié entre autofagia i apoptosi

L’apoptosi i 'autofagia sén reconegudes com les principals vies de mort cel-lular
programada. Mentre que l'apoptosi sempre resulta en mort cel-lular, generalment
'autofagia és considerada un mecanisme de supervivéncia tot i que també pot
contribuir a la mort cel-lular en diverses situacions. Existeix una complexa interaccio
entre apoptosi i autofagia. El factor clau per escollir entre les dues vies de mort
cel-lular és la disposicid d’ATP, element indispensable per la via apoptdtica. En certes
situacions, l'autofagia actua com a supressor de l'apoptosi davant una resposta a
I’estrés per promoure la supervivéncia146. Perd també s’ha descrit que I'autofagia pot
promoure I'apoptosi mitjancant la degradacié de reguladors negatius que controlen

147

la maquinaria de 'apoptosi com per exemple la fosfatasa FAP-1"'. D’altra banda si es

degraden reguladors positius de 'apoptosi, com la caspasa-8, I'’efecte resultant és el
bloqueig de I’apoptosi168’169. Tanmateix, en un altre context, 'autofagia pot convertir-

. <, - 17
se en un mecanhisme de mort cel-lular no-apoptodtic °,

L’apoptosi també influeix directament en 'autofagia. Normalment la regulacid recau
en la degradacié d’inductors d’autofagia per part de les caspases. Per exemple la

1 La hidrolisi de Beclin 1 comporta una

Beclin 1 és un substrat per la caspasa-3
reduccié de l'autofagia i un augment en I'apoptosi en cél-lules HeLa. Un altra proteina
essencial per l'autofagia hidrolitzada per les caspases és I’Atg3 que regula la
formacid¢ de l'autofagosoma. La degradacido d’Atg3 per la caspasa-8 inactiva
'autofagia, perd si es torna a expressar I'Atg3 sencera s’aconsegueix restablir
I'activitat autoféagica172

sobre Ambral, molécula activadora de Beclin 1, provoca la inhibicid de I’autofégia173.

. Per acabar, també s’ha descrit que I'efecte de les caspases

Diversos esfingolipids bioactius han resultat ser peces importants en la regulacid
entre apoptosi i autofagia, determinant aixi el desti cel-lular. Aquesta connexié és
deguda a que certes dianes dels esfingolipids es troben tant en les vies de
senyalitzacid de I'apoptosi com en l'autofagia. L’efecte de la Cer sobre la induccié de
'apoptosi en el mitocondri és altament conegut. Aixi com també es coneix que la S1P
promou la supervivéncia cel-lular i bloqueja I'apoptosi. De les dhCer s’ha descrit la
seva capacitat de bloquejar els canals generats per la Cer en el mitocondri i aixi
convertir-se en un lipid anti-apoptbtic38. Per tant és altra cop la relacid entre dhCer,
Cer i S1P la que condiciona el desti cel-lular. La conversié de Cer a S1P fa que enlloc
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de la induccid d’apoptosi s’activi 'autofagia citoprotectoram. En situacions d’hipoxia
s’ha descrit que les dhCer exhibeixen efectes anti-apoptdtics i que promouen
'autofagia protectora, perd que també actuen com a reserva per la rapida produccio
de Cer en cas que sigui necessari 'activacio de I’apoptosi7o.

3.5 Autofagia i cancer

El paper de l'autofagia en el procés del cancer és controvertit. En cél-lules sanes
'autofagia és imprescindible pel manteniment de I’homeodstasi cel-lular, evitant
I’estrés oxidatiu i la inestabilitat gendomica, fets que podrien portar a la transformacio
maligna. A més, l'autofagia esta implicada en l'activacid de la immunosupervisio
anticancerigena. Aquest és un procés per el qual el sistema immunitari elimina de
forma constant cél-lules potencialment cancerigenes abans que s’estableixin com a
tumors malignesws. Per tant, durant les primeres etapes de la iniciacid de la

17 . .
® No obstant aixo, si el

tumorogénesi, 'autofagia suprimeix la formacié de tumors
cancer progressa, en cel-lules neoplasiques I'autofagia constitueix un mitja per fer
front a l'estrés celllular (condicions d’hipoxia i falta de nutrients), ajudant a la
supervivencia, proliferacid, invasio i metastasi, afavorint aixi la progressié tumoral'’’.
A més s’ha descrit I'activacié de l'autofagia en resposta a diferents tractaments

N . . . . N . 17
contra el cancer, convertint-se en un risc a patir resisténcia al tractament 8

En condicions normals l'autofagia evita l'aparicid del cancer. S’ha demostrat en
models de ratoli, que defectes en la maquinaria de l'autofagia provoquen una
acceleracid del procés tumoral. Per exemple ratolins knockout heterozigots pel gen
de la Beclin 1 BECN1 *- (els animals BECN1 7" no sén viables), desenvolupen tumors
de manera esponténia”g. Els mecanismes per els quals l'autofagia actua com a
supressora de tumors soén diversos, com per exemple evitant I'acumulacié de
defectes genétics, que poden comportar a la transformacié maligna. També

. . 1
contribueix a la mort™®°

N . 181 N . .
o senescéncia® de les céllules tumorals induida per
oncogens, dos mecanismes fonamentals per la supressid tumoral. Per altra banda, la
. ., , - , L . ., s . 182
induccid d’autofagia també esta implicada en la degradacio doncoprotelness,

® i la defensa contra

, . ., . S R . 17
I'activacié de la resposta immunitaria contra cél-lules malignes

infeccions virigues i bacterianes. Aguests patdgens poden desencadenar un procés
cancerigen com és el cas del virus de I’hepatitis B en el carcinoma hepatocel-lular e

, . . . . N . 184
I’Helicobacter pylori associat al carcinoma gastric 84,

Una cop s’ha produit la transformacié maligna, 'autofagia promou la progressid del
tumor i la seva resisténcia a la terapia. Aixd és degut a que l'autofagia redueix la
sensibilitat de les ceélllules cancerigenes a estimuls que en condicions normals
provoquen la seva mort, com és la hipoxia o I'escassetat de nutrients'®. L’autofagia a
més aporta a les céllules transformades una resisténcia a multiples agents
guimioterapeéutics i permet la supervivéncia de ceél-lules alliberades de la membrana
basal, el que permet la metastasi tumoral.
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En resum, tant la induccié com la inactivacié de l'autofagia pot contribuir a la
tumorogénesi (figura 19). Degut a que l'autofagia té dos papers completament
oposats en la tumorogénesi, es considera un “arma de dos talls”: limita la iniciacio
tumoral perd promou la progressid i establiment del tumor™®. Inicialment, una
disminucid en l'activitat de [Il'autofagia facilita lI'adquisicié de caracteristiques
malignes per part de les cél-lules sanes. Més tard, una vegada s’ha establert el tumor,
la restauracid de l'autofagia és essencial per la proliferacid del cancer. Per tant la
transicid de la cél-lula sana a la cél-lula tumoral es deu en part a una pérdua temporal,
perd no estable, de la capacitat d’activar I'autofagia. El mecanisme per el qual la
resposta autofagica es restaura per iniciar la progressié tumoral, és desconeguda.

Proficient Failing oncosuppression Restoration of
autophagy due to autophagy defects proficient autophagy

AUTOPHAGY
LEVELS

® T

Healthy Malignant Tumor Invasion and Death of
cells transformation progression metastasis the host

1

Figura 19: El paper de l'autofagia en la transformacio i progressié tumoral. Extret de Gazzulli i col., 2015'°

En I'ambit médic, dos farmacs basats en la regulacié de l'autofagia estant sent
provats actualment ens assajos clinics. Es el cas de la cloroquina i la
hidroxicloroquina, dos farmacs lisosomotropics que bloquegen l'autofagia inhibint la

87 No obstant

fusid entre 'autofagosoma i el lisosoma i per tant la seva degradacio
en no actuar en processos exclusivament implicats en lautofagia, presenten
multiples efectes secundaris. Es per aix0 que apressa la necessitat pel
desenvolupament de noves molécules capaces d’inhibir I'autofagia de manera
selectiva i a poder ser, que només afectin a les cel-lules malignes. Per tal d’assolir
aquest repte és imprescindible la caracteritzacidé del procés autofagic en el cancer

abans de poder implementar I'ds d’aquests prometedors farmacs en la rutina clinica.
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4 Inhibidors de Des1 que indueixen autofagia (DIPACS)

La inhibicidé de I'enzim Desl pot ser beneficiosa en un gran ventall de malalties en queée
'autofagia és insuficient i és util la seva induccid. En el cancer, per exemple, I'Us de
farmacs inductors d’autofagia representa un mecanisme alternatiu per induir mort
cel-lular en cél-lules canceroses resistents a I’apoptosi188. A continuacid es presenten
tres inhibidors de Desl que s’ha descrit la seva capacitat per induir autofagia
(DIPACS, “Des 1 inhibitory pro-autophagic compounds” o inhibidors de Desl pro-
autofagics) (figura 20), el celecoxib (CCX), fenoxodiol (PXD) i resveratrol (RV).

OH
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Figura 20: Estructures quimiques dels farmacs inductors d’autofagia. Celecoxib (CCX), resveratrol (RV) i
fenoxodiol (PXD)

4.1 Celecoxib

El CCX (4-[5-(4-metilfenil)-3-(trifluorometil) pirazol-1-il] benzenesulfo namida) és un
farmac antiinflamatori amb una potent activitat antitumoral'®®
classe d’antiinflamatoris no esteroidals (AINEs) que inhibeixen de manera molt

. Es un coxib, una

selectiva la ciclooxigenasa 2 (COX-2). La ciclooxigenasa (COX) és un enzim clau en
la sintesi de prostaglandines a partir de I'acid araquidonic. Existeixen dues isoformes,
anomenades ciclooxigenasa 1 (COX-1) i COX-2. Mentre que la COX-1 s’expressa de
manera constitutiva en diversos teixits, la COX-2 és induible durant la inflamacio i la
carcinogénesi'®®. Més recentment s’ha descrit la existéncia d’una tercera isoforma, la

ciclooxigenasa 3 (COX-3)""

, ho obstant la seva implicacid en la fisiologia humana
encara no és coneix del tot. Els coxib es van dissenyar amb I'objectiu d’inhibir la
COX-2, que és induida durant la inflamacid o la carcinogénesi, sense que s’afectés
I'activitat de la COX-1 que s’expressa sobretot en el tracte gastrointestinal, ronyons i
plaquetes. Es en aquests teixits on COX-1 té la funcid de generar prostaglandines
implicades en la proteccid gastrica, excrecid d’aigua o l'activacid plaquetaria. En
canvi COX-2 semblava només estar implicada en el procés inflamatori. Des de la seva
sortida al mercat en 1999, s’han realitzat multiples investigacions de I'anomenada
“hipotesi de la COX-27"19219% gue descriu que els coxibs redueixen el dolor i la
inflamacid inhibint COX-2 i a més eviten els efectes secundaris propis dels AINEs no
selectius, que inhibeixen tant COX-2 com COX-1. El CCX i altres coxib com rofecoxib
i valdecoxib, van ser acceptats com a farmacs en base als resultats obtinguts en
diversos assajos clinics que comparaven l'efecte d’aquests compostos amb AINEs,
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demostrant que els coxib eren igual d’eficacos i presentaven menys efectes
secundaris grastrointestinals. El primer estudi en que es va suggerir que els coxib
augmentaven el risc de patir alteracions cardiovasculars greus com la mort
cardiovascular, infart de miocardi o ictus, es va realitzar poc després de la seva
venta'®?. No obstant, Merck (EEUU), 'empresa que comercialitzava el farmac, va
minimitzar 'impacte del descobriment. No va ser fins 2005, en un assaig clinic amb
CCX, quan va quedar clarament demostrat que els coxib augmentaven fins a tres

194 .
% Es va descobrir que la

vegades el risc de patir alteracions cardiovasculars greus
COX-2 s’expressava de manera constitutiva en les cel-lules endotelials i és requeria la
seva activitat per la sintesi de prostaglandines amb un paper en la proteccid
vascular. Per tant la seva inhibicié selectiva, pot provocar efectes adversos greus en
el sistema cardiovascular'®. Des d’aquest moment la FDA (administracidé d’aliments i
farmacs dels Estats Units), recomana que els coxib s’han de reservar per a pacients
amb un alt risc de patir alteracions gastrointestinals o per aquells que sén intolerants

1
o no responen als AINEs %,

S’ha descrit que els coxibs, i concretament el CCX, indueixen apoptosi i aturada del
cicle cel-lular en diversos tipus de cél-lules de cancer i es coneix que la seva activitat

9 Tot i aixi, no

antitumoral és independent de la seva activitat inhibidora de COX-2
és coneix amb profunditat el mecanisme molecular per el qual el CCX exerceix els
seus efectes citotoxics. No obstant, s’ha demostrat que part dels seus efectes estant
relacionats amb el metabolisme dels esfingolipids. El CCX ha estat descrit com a
inhibidor de Desl en cél-lules intactes amb una ICso al voltant de 80 uM49. El
tractament de CCX en diverses linies canceroses indueix un augment significatiu de
dhCer mentre que les Cer disminueixen, en una resposta depenent del temps i la
concentracié, mentre que amb altres coxibs no s’observaven canvis en els nivells
d’esfingolipids. Per tant la inhibicié de Desl per part del CCX, també és independent
de la seva accié sobre COX-2. Tot i aixi, la conversié de les dhCer acumulades en
'apoptodtica Cer ddna com a resultat la mort de la céllula™’. La inhibicié de Desl
sembla contribuir als efectes antiproliferatius de CCX*, ja que el tractament amb
miriocina (inhibidor de I'enzim SPT) redueix la poténcia antiproliferativa del CCX.
Altres efectes del CCX sobre la cél-lula inclouen I'aturada del cicle cel-lular en G;/Go,

198

I'activacié de I'apoptosi i la induccié de l'autofagia ™. Concretament en cel-lules de

cancer gastric el mecanisme per el qual el CCX indueix apoptosi i autofagia, és a

través de la via de senyalitzacid d’Akt™°.

4.2 Resveratrol

El RV (3,5,4’-trihidroxiestilbé) és un estilbenoid, un polifenol natural derivat de

200 E| RV es troba en abundancia

I’estilbé amb reconegudes propietats antioxidants

en la pell del raim, pero també en altres baies o fruits secs com nabius, cacauets o
201 . ., . . i

festucs®®. En les plantes, el RV exerceix una funcié antioxidant mitjancant la

proteccid contra el dany solar. Els productes alimentaris contenen tant les isoformes
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cis i trans del RV, i majoritariament és troba glicosilat. La glicosilacidé evita I'oxidacio

enzimatica, fet que fa que augmenti I’estabilitat i la biodisponibilitat del RVZ%?,

L’existencia de multiples efectes bioldgics per part del RV és causada principalment
per 'abundancia i diversitat de dianes moleculars que té aquest compost com una
amplia gamma de diferents cinases, factors de transcripcid, citocines i altres. La seva
capacitat per modular diferents vies de senyalitzacié fa que el RV exerceixi un paper
fisiologic complex. Entre els seus efectes s’ha descrit les propietats anti-inflamatories

204,205 206

i anti-fibrotiques 93 antitumorals , proteccid en malalties renals i activitat

3 . 207 . . 2 .2 . s 21 . .
contra I'obesitat®®’, diabetis®*®, trombosi®®®, esteatosi hepatica ° i altres malalties

21 ’ . <.
. Es creu que l'excés de ROS al cervell esta involucrat en la

cardiovasculars
patogénesi de diverses malalties neuro-degeneratives com ara la malaltia
d’Alzheimer, el Parkinson, la malaltia de Huntington o els accidents cerebrovasculars.
Es per aixd que el RV ha estat designat com a un prometedor agent terapéutic
natural amb potencial farmacoldgic contra aquestes patologiesm. La principal
capacitat del RV és la seva propietat antioxidant, tot i que cal remarcar que aquesta
depén de la concentracié i del tipus cellular. SSha demostrat que el RV a
concentracions baixes actua com a antioxidant, mentre que a concentracions
elevades funciona com un prooxidant. El RV com a antioxidant exerceix un efecte
dual: elimina els radicals lliures com hidroxils o superoxids i augmenta I'activitat dels

2% Lactivitat anticancerigena del RV també depén de la seva

enzims antioxidants
concentracidé, mentre que en una dosis baixa el RV actua com un agent antiapoptotic
i cardioprotector?®, a dosis més elevades el RV interfereix en les tres etapes de la
carcinogénesi: iniciacid, promocid i progressido. En la major part de les linies
canceroses estudiades, el RV atura el cicle cel-lular en la fase G/S, bloqueja la
proliferacio’zls, i després d’'un tractament prolongat indueix apoptosim. També s’ha
demostrat que el RV inhibeix la invasid i la metastasi tant /in vitro com in vivo a través
de la reduccid de l'expressid de la metaloproteinasa MMP-9, sobreexpressada en

4

tumors malignes®®®. Diversos estudis han demostrat que el RV és capac d’induir

'autofagia candnica o no canonica en una série de tipus de cancer a través de
multiples vies de senyalitzacid modulant I'expressié o activitat de proteines clau'®.
Per exemple, Trincheri i col-laboradors presenten que el RV indueix l'autofagia
canonica a través de l'activacié de PI3K en cancer colorectal®?”. Mentre gue també
s’ha descrit la induccid d’autofagia independent de Beclin 1 en resposta al RV en

N N 21
céllules de cancer de mama®®,

En relacid amb els esfingolipids, s’ha descrit que el RV provoca un augment de la
generacid intracel-lular i acumulacid de Cer que resulta en la mort apoptotica en
céllules de leucemia®®. La inhibicié de I'enzim esfingosina SKI1, sembla estar
relacionada amb la citotoxicitat del RV*°. A part d’inhibir la SK1, el RV esta descrit
com a inhibidor de Desl. En les céllules de cancer gastric HGC27, el RV esta
involucrat en l'activacid de l'autofagia degut a la inhibicidé de Desl i la conseqUent

21 Aqguest efecte és reproduit per I'inhibidor directe de Desl,

acumulacié de dhCer
XM462 (eina farmacoldgica en que s’ha comprovat la induccié d’autofagia a través

s . 44 . ..
de l'acumulacié de dhCer)™. Aguests experiments recolzen que, com a minim en

40 | INTRODUCCIO



part, la induccid d’autofagia pel RV és deguda a la inhibicié de Desl en aquests
models cel-lulars. En ser un compost fenolic, segurament el RV inhibeix Desl de

. . B . 222
manera indirecta alterant I'estat redox de la cél-lula“*”.

4.3 Fenoxodiol

El PXD 3-(4-hidroxifenil)-2H-1-benzopiran-7-ol és un analeg sintétic de la genisteina,
una isoflavona vegetal. La genisteina presenta activitats antitumorals com la induccié
de l'apopotosi i l'autofagia, i la inhibicid de la proliferacio i I’angiogénesi223. No
obstant, degut a que té una taxa de metabolitzacid elevada i la seva accid és
relativament modesta, la genisteina no s’ha considerat un possible agent
guimioterapeéutic. En aquest sentit el PXD presenta una millora respecte la
genisteina, ja que és entre 5 i 20 vegades més efectiu en inhibir la proliferacio
tumoral que el seu analeg natural®*
relacionats amb lactivitat antitumoral. Inicialment es va descriure el PXD com un

inhibidor de la topoisomerasa Il, alterant la integritat del genoma durant la divisio
225

. S’han atribuit multiples efectes al PXD, tots

cel-lular i provocant la mort cel-llular®”>. Més tard el PXD va mostrar una potent
activitat antiangiogénesi, inhibint la proliferacié de les cél-lules endotellials, la
migracio dels capil-lars i 'expressid de la metaloproteinasa MMP-2, el principal enzim

22 2
6 També es va demostrar

encarregat de la degradacid de la matriu extracel-lular
gue el PXD restaura la sensibilitat en les cel-lules de cancer epitelial d’ovari resistents
a la quimioterépia227, suggerint que el PXD pot actuar com a un
guimiosensibilitzador, és a dir un farmac que fa que les cél-lules tumorals siguin més
sensibles a la quimioterapia. Els mecanismes d’accidé del PXD per inhibir la
proliferacidé tumoral sén la induccid de I'aturada del cicle cel-lular en G; per 'augment
de I'expressio de p21228, I'activacio de I'apoptosi tant dependent com independent de
caspases per la inhibicidé de proteines antiapoptc‘>tic1ues229’230 i la inhibicié de I'enzim
ENOX2 de la membrana cel-lular, una NADH oxidasa associada a la superficie de les
cél-lules tumorals. El resultat és un augment de NADH citosodlic que afecta 'activitat
de Desl, tenint en compte la seva naturalesa d’enzim redox®'. EIl NADH acumulat,

simultaniament, inhibeix la SK1 inclinant el balan¢ Cer/S1P cap a I’apoptosi231’232.

En base als prometedors estudis realitzats /in vitro i in vivo, en el 2004 la FDA va
concedir 'aprovacié del farmac, i el PXD es va comencar a estudiar en assajos clinics
amb humans. Els resultats positius obtinguts en la fase | van permetre que el PXD
entrés en assajos clinics fase II/Ill, on principalment s’administrava el farmac a
pacients amb cancer relacionats amb el sistema hormonal, com el d’ovari o
pr‘ostata224. Malauradament, tot i que els resultats preclinics eren prometedors,
durant la fase Ill es va concloure que el PXD no mostrava evidéncies d’activitat

233 .
3 i es van aturar els

clinica en pacients de cancer d’ovari resistents al plati (PROC)
estudis amb aquest farmac. En qualsevol cas, aquestes dades no impliquen que el
PXD no pugui ser eficac en altres tipus de cancer, tot i que els investigadors
incideixen en la poca activitat del PXD quan s’administra per via oral en el tractament

del cancer huma.
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5 Liposomes

Els liposomes (del grec “lipos”, greix, i “soma”, cos) son petites vesicules esfériques
analogues a la membrana cel-lular eucaridtica. Els liposomes poden encapsular
molécules en el seu interior i ser utilitzats com a métode de subministrament de
farmacs, funcionant com a transportadors entre I'exterior i I'interior de la cel-lula.
Aqguestes estructures van ser descrites per primer cop per I'hematdleg Alec D.
Bangham en 19642**. Per definicio, els liposomes soén vesicules concéntriques en que
un espai aquos (regid hidrofilica) es troba completament embolcallat per una bicapa
lipidica (regid hidrofobica) (figura 21).

Bicapa de fosfolipids
Regid hidrofobica

Regid hidrofilica

Figura 21: Els fosfolipids en preséncia d’aigua de manera espontania formen bicapes lipidiques i

eventualment liposomes. Modificada de Balazs i Godbey, 2011*%

Aquesta membrana generalment esta formada per 'acoblament de fosfolipids, lipids
amfipatics que tenen un cap hidrofil i una cua hidrofoba formada per llargues
cadenes hidrocarbonades. Quan els fosfolipids es troben dispersos en un medi
aquos, espontaniament s’organitzen de tal manera que els caps s’orienten cap a
I’exterior i les cues cap a linterior, formant aixi el Iiposoma236.

Els liposomes es poden classificar en funcid de la seva estructura, el métode de
preparacid i la seva composicid. Els parametres que defineixen l'estructura del
liposoma sén el nombre de bicapes lipidiques i la mida de la vesicula. En funcid del
nombre de bicapes els liposomes es classifiguen en vesicules unilaminars (ULV),
vesicules multilaminars (MLV) i vesicules multivesiculars (MVV) (figura 22). Els ULV
son els liposomes més comuns, amb una sola bicapa lipidica i un compartiment
central hidrofilic. Els MLV es caracteritzen per posseir multiples bicapes lipidiques
concéntrigues, separades entre si per capes aquoses. També existeixen les vesicules
oligolaminars (OLV), que son liposomes amb més d’una bicapa perd amb menys que
el nombre designat per definir els MLV. Finalment els MVV sén liposomes formats
per un conjunt de vesicules internes no concéntriques237.

Els liposomes també poden ser classificats en funcid de la seva mida. En el cas dels
ULV existeixen tres subtipus: els liposomes més petits, amb una mida entre 20 i 200
nm, s’anomenen vesicules unilaminars petites (SUV). Si aguests sdn més grans de
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200 nm estariem parlant de vesicules unilaminars grans (LUV) mentre que els
liposomes que sobrepassen 1 um de grandaria s’anomenen vesicules unilaminars
gegants (GUV). Els MLV, OLV i MVV generalment tenen una mida intermédia entre
els LUV iels GUV.

ULv <

Figura 22: Classificacié dels liposomes en funcié de parametres estructurals. ULV, vesicules unilaminars;
SUV, vesicules unilaminars petites; LUV, vesicules unilaminars grans; GUV, vesicules unilaminars gegants;
MLV, vesicules multilaminars; MVV, vesicules multivesiculars

Un altre parametre que permet classificar els liposomes és el seu meétode de
preparacio. La correcta eleccidé de la metodologia dependra de multiples variables
com la mida del liposoma, la naturalesa del medi on es troben les vesicules o les
caracteristiques fisicoquimiques del material a encapsular238. Cal destacar les
técniques d’evaporacid per fase reversa, la congelacid i descongelacid, i la de
deshidratacio i hidratacio; aguesta ultima és segurament una de les més utilitzades.
Finalment també es poden distingir els liposomes en funcid de la composicid de la
membrana i de les seves aplicacions. En destaguen els liposomes sensibles a pH, els
immunoliposomes (liposomes amb anticossos en la seva superficies) o els liposomes
cationics.

Un dels aspectes més importants per la caracteritzacid dels liposomes és la seva

mida, un factor que determina el seu comportament fisic i biolégic239. La
determinacié de la mida dels liposomes es realitza normalment per DLS (“dynamic
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light scattering” o dispersid dinamica de la llum). Un altre aspecte clau en la
caracteritzacid dels liposomes és leficiencia d’encapsulacié (EE), és a dir el
percentatge de producte encapsulat dins del liposoma. Aquest valor és dedueix
guantificant el producte total i el producte que ha quedat fora del liposoma, per
després poder aplicar la seglUent férmula:

Producte total — producte lliure
EE% = x 100
Producte total

5.1 Liposomes cationics

Els liposomes cationics son liposomes on part dels lipids presents en la bicapa
lipidica sén catidnics, és a dir, presenten una carrega neta positiva, que es combinen
amb altres lipids neutres per formar les vesicules. Els lipids utilitzats en els liposomes
sén estructures amb un cap hidrofilic i una cua hidrocarbonada hidrofdbica.
Concretament els lipids catidnics acostumen a assolir la carrega positiva a través
d’'una o més amines presents en el cap polar de I’estructura lipidica. Els més utilitzats
séon el clorur de N-[1-(2,3-dioleiloxi)propil]-N,N,N-trimetilamoni (DOTMA), [1,2-
bis(oleoiloxi)-3-(trimetil-amoni)propal (DOTAP) o dioctadecil-amido-glicil-
espermina (DOGS)?**. Variacions en l'estructura dels lipids, com la mida del cap
polar, la longitud de la cua hidrocarbonada o el nombre d’insaturacions de I'alqui,
aporten caracteristiqgues uUniques per les aplicacions del liposoma. Els liposomes
cationics es van presentar 'any 1987 per Felgner i col-laboradors**° amb I'objectiu de
millorar la introduccié de material genétic a la célllula. La preséncia d’amines
carregades positivament en els lipids del liposoma faciliten la unié amb anions com
els que es troben en els fosfats del DNA. L’Us de liposomes per la transformacié o
transfeccid de DNA en una cél-lula s’anomena lipofeccio.

La membrana plasmatica és el major obstacle per al transport de material a I'interior
de la cél-llula. Una de les aproximacions per resoldre aquest problema és I'Us de
liposomes cationics. La carrega positiva dels lipids del liposoma facilita la interaccio
espontania i electrostatica amb components de la membrana plasmatica carregats
negativament, com glicoproteines, glicolipids o components de la matriu

241
extracel-lular=.

Una vegada el liposoma es troba en la superficie cellular, es
desencadena I’endocitosi amb la conseqlent invaginacid de la membrana plasmatica

i la transferéncia del liposoma als compartiments endosomals (figura 23).

Es coneix que la membrana de I'endosoma esta formada per fosfatidilcolines (PC),
PE, SM i al voltant d'un 18% de lipids anionics com la fosfatidilserina (PS)**2,
Majoritariament els lipids carregats negativament es troben en la cara exterior de
’endosoma, tot i que es poden trobar en una petita proporcid en el lumen. Degut a la
asimetria de la membrana plasmatica els lipids anidonics es localitzen en la cara
citosdlica, i és en el moment de la invaginacid de la membrana en I'endocitosi que

aquests queden situats en la cara externa de I'endosoma. Una vegada dins de
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’endosoma, a causa de la tendéncia que tenen les membranes amb carrega positiva i
negativa a adherir-se i fusionar-se, la membrana del liposoma es fusiona amb la
membrana de 'endosoma. La mescla entre lipids catidnics del liposoma i anidnics de

’endosoma adopten [I'estructura anomenada fase hexagonal H;, o micelles
. . 24 . .

invertides®**. Aqguest fet comporta la desestabilitzacidé de la membrana de
’endosoma i I'alliberacié del contingut del liposoma en el citosol.

fom
¢ pHlr”

Liposoma Endosoma

Lipid cationic @
Lipid anionic @
Lipid zwitterionic @
Farmac Yy

Figura 23 Model de l'alliberacid intracel-lular del liposoma cationic. El liposoma és atret per les carregues
negatives de la membrana plasmatica i és endocitat. Dins de I'endosoma les membranes es fusionen i
s’adopta I'estructura de fase hexagonal H;, que acaba desestabilitzant ’'endosoma i alliberant el contingut
del liposoma en el citosol

5.2 Liposomes com a transportadors de farmacs

Els liposomes soén utilitzats com a transportadors de farmacs degut a les seves
propietats Uniques. El liposoma és capac¢ de transportar tant molécules hidrofiliques
en l'interior del seu espai aquds com molecules hidrofobiques o amfifiliques que es
poden intercalar en la bicapa lipidica. A més si en la superficie del liposoma
s’addicionen lligands, com per exemple anticossos, les vesicules poden reconéixer
receptors especifics i per tant actuar de manera altament selectiva. Un altre
avantatge, és que els liposomes ofereixen una proteccid de la molécula encapsulada
evitant aixi la seva degradacidé i a més incrementen la seva permeabilitat i solubilitat.
Com que els liposomes presenten certa similitud amb les membranes cel-lulars, les
vesicules sén generalment endocitades per les céllules i per tant permeten el
transport de molécules al citosol. A més els liposomes sén altament biocompatibles,
ja que soén biodegradables i no sén toxics, immunogénics o carcinégensz‘m, de
manera que ofereixen una amplia gamma d’aplicacions biomeédiques. Actualment
s’han aprovat diversos farmacs encapsulats en liposomes. Com és el cas del Doxil®,
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que en 1995 es va convertir en el primer farmac encapsulat en liposomes aprovat pel
tractament del cancer®®. Es tracten d’uns liposomes units a PEG que encapsulen la
doxorubicina, farmac utilitzat contra el cancer d’ovari, de mama i el sarcoma de
Kaposi. Els liposomes sén una eina molt util pel tractament de malalties com
I’Alzheimer, ja que en encapsular certs farmacs en liposomes, s’aconsegueix travessar
la barrera hematoencefalica i dirigir una terapia selectiva en les regions patoldogiques

24
del cervell®*®

. L’Us dels liposomes en 'ambit de la cosmetica també aporta beneficis,
ja que millora la permeabilitat de la pell i ajuda a la difusid dels components actius
dels cosmétics®*®. En base als prometedors assajos clinics, el desenvolupament de
nous liposomes és actualment un tema recurrent en la nanomedicina, generant
liposomes que poden ser estimulats per certa temperatura, pH, activitats
enzimatiques, camps magnétics o llum. Aquests nous liposomes més intel-ligents
exhibeixen un sistema d’administracié de farmacs amb un gran potencial per la seva

. ., , . 247
aplicacio clinica®™’.
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Entre tots els esfingolipids, sén la Cer/dhCer i S1P les molécules que tenen un paper
més determinant en 'homeostasi cel-lular. En 'anomenat “redstat dels esfingolipids”
aquestes espécies es troben en equilibri regulant vies de senyalitzacié oposades que
repercuteixen en el desti cel-lular, entre elles I'autofagia. Es per aixd que els enzims
involucrats en la formacié d’aquests esfingolipids sén clau per la determinacié del
desti cel-lular cap a supervivéncia o mort. Entre aquests enzims destaguen Desl1, en
la generacid de Cer; les CDases en la conversid de Cer a So; i finalment S1PL,
encarregat de la degradacié de S1P.

La majoria d’assajos descrits per la determinacidé de l'activitat CDasa i SI1PL
requereixen separacid cromatografica i per tant impedeixen [I'aplicacié de
procediments HTS. Tenint en compte aguesta mancanca metodoldgica, els primers
objectius d’aquesta tesi son:

1 Determinar 'habilitat de les ceramidases alcalines per hidrolitzar els substrats
fluorogénics RBM14 per tal de mesurar la seva activitat en llisats cel-lulars

2 Millorar la permeabilitat cel-lular als substrats fluorogénics de I'esfingosina-1-
fosfat liasa per poder analitzar la seva activitat en cél-lules intactes

Multiples estudis relacionen les dhCer amb la induccié d’autofagia, perd la seva
implicacid en la mort cel-llular o en la supervivéncia continua sent controvertit. En
aquest context el darrer objectiu d’aquesta tesi és:

3 Validar el paper de les dihidroceramides com a mediadores en la induccid
d’autofagia i estudiar la seva implicacid en el desti cel-lular

Els resultats del primer i segon objectiu es presenten i discuteixen en els capitols 1i 2

respectivament. Mentre que els resultats del tercer objectiu es descriuen i es
comenten en el capitol 3 inclds en aquesta tesi.
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CAPITOL 1

Determinacio de 'activitat
ceramidasa alcalina utilitzant
aminodiols fluorogenics cumarinics

ARTICLE

“Activity of neutral and alkaline ceramidases on fluorogenic N-acylated
coumarin-containing aminodiols”

RESULTATS ADDICIONALS
Estudi de la hidrolisi del substrat RBM14 per IACER3






ARTICLE 1

Activity of neutral and alkaline ceramidases on fluorogenic N-acylated coumarin-
containing aminodiols

Mireia Casasampere', Luz Camacho', Francesca Cingolani', Josefina Casas', Meritxell
Egido-Gabés1, José Luis Abad', Carmen Bedia', Ruijuan Xu?, Kai Wangz, Daniel
Canals®, Yusuf A. Hannun?, Cungui Mao” i Gemma Fabrias'.

Consell Superior d’Investigacions Cientifiques (CSIC), Institut de Quimica Avancada de
Catalunya (IQAC-CSIC), Research Unit on Bioactive Molecules (RUBAM), 08034 Barcelona,
Spain

2Department of Medicine, State University of New York at Stony Brook, Stony Brook, NY
11794-8155, USA

Journal of Lipid Research. 2015; 56: 2019-28
Factor d’impacte: 4.56

La contribucié de Mireia Casasampere a aquest treball presentat com a capitol 1
d’aquesta tesi, correspon al disseny d’experiments, i obtencid i elaboracié de les
dades presentades en les figures 4, 5 i 6. També ha contribuit a I'escriptura del
primer esborrany. Els resultats mostrats en les figures 2 i 3, i la taula 1 varen formar
part de la tesi doctoral de Francesca Cingolani, presentada el 2015 dins del programa
de Doctorat de Biomedicina de la Universitat de Barcelona.

Josefina Casas Brugulat
Directora de tesi
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RESUM

Activitat de les ceramidases neutra i alcalines sobre aminodiols fluorogénics N-
acilats que contenen cumarina

Objectiu: En articles previs, s’havia descrit per part del nostre grup la sintesi i
aplicacié dels compostos RBM14 per determinar I'activitat de 'AC. Els compostos
RBM14 sén analegs cumarinics de Cer amb diferents longituds de la cadena alifatica.
L’objectiu d’aquest treball s’ha centrat en la determinacié de I'habilitat de les altres
CDases, la NC i les ACERs, per hidrolitzar aquests substrats.

Metodologia: L’activitat CDasa es va determinar mesurant la fluorescéncia alliberada
pels substrats RBM14 quan soén hidrolitzats. L’assaig es va realitzar en plaques de 96
pous utilitzant el tampd apropiat per cada CDasa en funcid del seu pH optim
d’activitat. La font enzimatica per estudiar la NC va consistir en enzim recombinant
bacteria i huma. D’altra banda, en el cas de les ACERs, es va treballar en microsomes
de llisats cel-lulars on les diferents ACERs estaven sobreexpressades o silenciades.
Per comprovar aquests fenotips es van realitzar analisis de mRNA per gPCR,
determinacié de proteina per Western Blot i analisi del esfingolipidoma per
UPLC/MS.

Resultats: En la NC humana recombinant, I'afinitat del substrat augmentava
directament amb l'increment de la longitud de la cadena alifatica, sent el RBM14C16
el millor substrat. Tots els substrats RBM14, sobretot el RBM14C14 i el RBM14C16, van
ser hidrolitzats a pH basic tant en llisats com en cél-llules intactes de fibroblasts
d’embrions de ratoli que no expressen la NC. Aixd suggereix que com a minim una
de les tres ACERs és capac d’hidrolitzar els substrats RBM14. Es van detectar nivells
més baixos de fluorescéncia amb els substrats RBM14C12, RBM14C14 i RBM14C16
respecte el control en microsomes de cel-lules HCT116 on '’'ACER3 estava silenciada
de manera estable. No obstant, els microsomes de les dues linies cel-llulars HelLa
ACERIT-TET-ON i ACER2-TET-ON en preséncia de tetraciclina no van mostrar
activitat en hidrolitzar cap dels substrats RBM14.

Conclusions: A part de I'AC, els compostos RBM14 sén hidrolitzats per la NC i per
’ACER3, perd no son substrats adequats per les ACER1i ACER2.
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Abstract Ceramidases catalyze the cleavage of ceramides
into sphingosine and fatty acids. Previously, we reported on
the use of the RBM14 fluorogenic ceramide analogs to de-
termine acidic ceramidase activity. In this work, we investi-
gated the activity of other amidohydrolases on RBM14
compounds. Both bacterial and human purified neutral ce-
ramidases (NCs), as well as ectopically expressed mouse
neutral ceramidase hydrolyzed RBM14 with different selec-
tivity, depending on the N-acyl chain length. On the other
hand, microsomes from alkaline ceramidase (ACER)3 knock-
down cells were less competent at hydrolyzing RBM14C12,
RBM12C14, and RBM14C16 than controls, while micro-
somes from ACER2 and ACER3 overexpressing cells
showed no activity toward the RBM14 substrates. Conversely,
N-acylethanolamine-hydrolyzing acid amidase (NAAA) over-
expressing cells hydrolyzed RBM14C14 and RBM14C16 at
acidic pH. Overall, NC, ACER3, and, to a lesser extent,
NAAA hydrolyze fluorogenic RBM14 compounds. Although
the selectivity of the substrates toward ceramidases can be
modulated by the length of the N-acyl chain, none of them
was specific for a particular enzyme.Bll Despite the lack of
specificity, these substrates should prove useful in library
screening programs aimed at identifying potent and selec-
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Sphingolipids are bioactive molecules exerting a plethora
of activities at the cellular level by activating different cell sig-
nal transduction pathways. Among these activities, ceramide
and sphingosine are inducers of different types of cell death,
while sphingosine 1-phosphate activates proliferative signals
and counteracts the cytotoxicity of ceramides and sphingo-
sine. Ceramidases are ubiquitous amidohydrolases that cata-
lyze the cleavage of ceramides into sphingosine and fatty
acids. Because sphingosine is the precursor of sphingosine
1-phosphate, ceramidases contribute to the balance between
cytotoxic and proliferative signals. According to their opti-
mum pH, ceramidases fall into three groups, acidic, neutral,
and alkaline (1). Five human ceramidases that are encoded
by five distinct genes have been cloned: an acidic ceramidase
(AQC), a neutral ceramidase (NC), and three alkaline cerami-
dases (ACERs). AC is a lysosomal enzyme encoded by the
acid ceramidase gene, ASAHI, while NC, encoded by the
neutral ceramidase gene, ASAH2, is found in the plasma
membrane. While AC is ubiquitously expressed, NC is highly
expressed in the small intestine along the brush border,
where it is involved in the catabolism of dietary sphingolip-
ids, thus regulating the levels of bioactive sphingolipid me-
tabolites in the intestinal tract (2).

Abbreviations: AGC, acidic ceramidase; ACER, alkaline ceramidase;
ACERI-TET-ON, HeLa T-REX cells stably transfected with ACER1;
ACER2-TET-ON, HeLa T-REX cells stably transfected with alkaline ce-
ramidase 2; ASAHI, acid ceramidase gene; ASAH2, neutral ceramidase
gene; CerC12NBD, N-[12-[ (7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]
dodecanoyl]-D-erythro-sphingosine; FD-pcDNA5/TO-ASAHZ2, Farber
cells transfected with the pcDNA5/TO plasmid containing mouse
ASAH?2; FRET, fluorescence resonance energy transfer; hACER, hu-
man alkaline ceramidase; HCT116-shACER3, HCT116 cells transduced
with shRNA against human alkaline ceramidase 3; HCT116-shRNA,
HCT116 cells transduced with nonspecific sShRNA; hNC, human neutral
ceramidase; HTS, high-throughput screening; mACER, mouse alkaline
ceramidase; MEF, mouse embryonic fibroblast; mNC, mouse neutral
ceramidase; NAAA, N-acylethanolamine-hydrolyzing acid amidase;
NBD, 7-nitrobenz-2-oxa-1,3-diazol-4-yl; NC, neutral ceramidase; pCDase,
Pseudomonas aeruginosa neutral ceramidase; shACER3, ACER3-specific
shRNA; shCtrl, control shRNA; TBST, TBS-Tween.
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The three ACERs include Asah3/Acerl, Asah3L/Acer2,
and Acer3. Acerl is encoded by the ASAH3/ACERI gene
and is exclusively expressed in the endoplasmic reticulum
of skin cells. Acer2, encoded by the ASAH3L/ACER2 gene,
is a Golgi resident enzyme particularly abundant in pla-
centa. Finally, Acer3 is encoded by the PHCA/ACER3 gene
and is localized to both the endoplasmic reticulum and
the Golgi. An interesting feature of the three ACERs is
their activation by Ca”" ions.

Different substrate selectivities have been reported for
the several ceramidases. Thus, AC prefers C12 and C14
ceramides, while preferential hydrolysis of C16 and C18
ceramides occurs with NC. As for ACERs, ACER1 hydro-
lyzes mainly very long chain (C20 to C24) ceramides (1),
while ACER2 seems to be responsible for the deamidation
of ceramides with various acyl-chains (2), and dihydrocer-
amides with unsaturated long acyl chains (Cg,; and Cy,)
(3). Finally, ACER3 hydrolyzes ceramides, dihydrocerami-
des, and phytoceramides with unsaturated long acyl chains
(Cigg and Cypy) (4).

Validation of ceramidases as therapeutic targets has
been carried out mainly for AC (5, 6) and NC (7, 8). This
has triggered the development of ceramidase inhibitors as
leads for the further development of potential drugs. Most
ceramidase inhibitors have been discovered after either
rational design or screening of a small series of compounds.
Although a number of procedures for the determination
of ceramidase activities have been reported (9), massive
screening relies on the availability of high-throughput
methods, only a few of which have been described (10-12).
These include a fluorescent sphingolipid fluorescence
resonance energy transfer (FRET) probe that allows ho-
mogeneous ratiometric determination of enzyme activity
in real-time (12). In a previous article (10), we reported
on the use of a coumarinic analog of ceramide, namely
RBM14C16 (Fig. 1), to determine AC activity. Other ana-
logs of RBM14C16 with different N-acyl chain lengths were
later reported as AC substrates and for use in diagnosis of
Farber disease (11). Among the several analogs, RBM14C12
was the preferred substrate for AC. Lysates from Farber
cells overexpressing AC (13) hydrolyzed RBM14C12 with
apparent K, and V, ., values of 26 uM and 334 pmol/min/mg
protein.

Besides ceramidases, other amidohydrolases include those
involved in the hydrolysis of bioactive Nacylethanolamines
to fatty acids and ethanolamine. These amidohydrolases
include N-acylethanolamine-hydrolyzing acid amidase
(NAAA), which it is only active at acidic pH (14). Compari-
son of the primary structures of NAAA and AC revealed
a high sequence homology. They also share functional
features, and they belong to the choloylglycine hydrolase
family (15).

HN\n/(CHz)nCH3
o

RBM14C8: n=6
RBM14C10: n=8
RBM14C12: n=10
RBM14C14: n=12
RBM14C16: n=14

Fig. 1. Chemical structures of RBM14 compounds.
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In this work, we show that RBM14 compounds are hy-
drolyzed by NC, ACER3, and NAAA, but not by ACERI1
and ACER2. Each amidohydrolase exhibits different sub-
strate selectivity depending on the nature of the N-acyl
chain. The results presented underscore the usefulness of
these compounds in massive screening programs aimed at
identifying amidohydrolase inhibitors.

EXPERIMENTAL PROCEDURES

Materials

Dulbecco’s modified Eagle’s medium, FBS, penicillin/
streptomycin solution, nonessential amino acids, tetracycline, and
puromycin, were from Sigma. Zeocin was from Genaxxon Bioscience
and blasticidin was from CalBiochem. Opti-MEM and lipofectamine
2000 were from Invitrogen. Antibodies were purchased from:
anti-ACER2 (HPA014092) and anti-actin (A2228) (Sigma); anti-
rabbit (NA934V) and anti-mouse (RPN4201V) secondary anti-
bodies (GE Healthcare). Recombinant human NC (hNC) was
obtained from R&D Systems. Bacterial CDase was obtained fol-
lowing the reported procedure (16). The latter protein was ob-
tained at a 0.33 mg/ml final concentration and it was stored at
—80°C. Once thawed, the enzyme solution was kept at 4°C until
activity loss. pcDNA3.1(+) (empty vector) and pcDNAS3.1(+) har-
boring the human NAAA gene were kindly provided by Professor
Natsuo Ueda.

Cells

Cells were cultured at 37°C/5% COs in Dulbecco’s modified
Eagle’s medium high glucose supplemented with 10% FBS and
1% penicillin/streptomycin solution. Nonessential amino acids
(0.1 mM) were also added to HEK293T cells. Zeocin (25 wg/ml)
and blasticidin (5 pg/ml) were also added to HeLa T-REX cells
[HeLa T-REX-human ACER (hACER)2, HelLa T-REX-mouse
ACER (mACER)1, and control vector HelLa T-Rex pcDNA4].
mACER] and hACER2 gene expression were induced by adding
10 ng/ml tetracycline to the medium. Puromycin (2 pg/ml) was
added to ACERS3 knockdown HCT116 cells (HCT116-shACER3)
and their controls (HCT116-shRNA). Antibiotics other than
penicillin/streptomycin were removed during treatments.

Overexpression of hACER2 and mACER1

To overexpress ACER2, we used the stable cell line Hela
T-Rex/ACER2 that we constructed in our previous study (17). To
overexpress ACER1, we applied the same expression system. The
coding sequence of the mACERI1 was cloned into the empty vec-
tor, pcDNA4, to construct the expression vector, pcDNA4-ACER1,
which was used to generate the stable cell line, HeLa-T-Rex/
Acerl, as described in our previous study (17).

Knockdown of ACER3 in HCT116 cells

A lentiviral vector expressing a control shRNA (shCtrl) (CC-
GGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTC-
ATCTTGTTGTTTTT) or ACER3-specific shRNA (shACER3)
(CCGGTATACAGCTGTTGCATATTTGCTCGAGCAAATATGCA-
ACAGCTGTATATTTTTTG) from Sigma-Aldrich (St. Louis, MO)
was packaged into lentiviral particles in HEK293T cells using a
viral packaging kit (GeneCopoeia, Rockville, MD) and lentiviruses
expressing shCtrl or shACER3 were then transduced into HCT116
cells according to the manufacturer’s protocol. Forty-eight hours
later, the transduced cells were replated and treated with 5 pg/ml
puromycin (Sigma-Aldrich) for 2 weeks. Puromycin-resistant



clones were expanded before their ACER3 mRNA levels and
ACER activity were determined, as described below.

Overexpression of mouse NC. Twenty-four hours before
transfection, Farber cells were plated in 6-well plates (2.5 x 10° cells
perwell). Then cells were transfected with 2.5 pg/well of pcDNA5/
TO (empty vector) or pcDNA5/TO harboring the mouse ASAH2
gene (pcDNA5/TO-ASAH2) using opti-MEM/lipofectamine, fol-
lowing the manufacturer’s instructions. Test compounds were
added 24 h after transfection.

Overexpression of NAAA. Twenty-four hours before trans-
fection, HEK293T cells were plated in 100 mm Petri dishes (3 x 10°
cells per dish) and were transfected with 8 ug/well of pcDNAS3.1 (+)
(empty vector) or pcDNA3.1(+) harboring the human NAAA gene
(pcDNA3.1-NAAA) using opti-MEM/lipofectamine following the
manufacturer’s instructions. Test compounds were added 48 h
after transfection.

Cell lysates

Cell pellets were resuspended in the appropriate volume of
a 0.25 M saccharose solution. The suspension was submitted to
three cycles of 5 s sonication (probe) at 10 watts/5 s resting on
ice. The cell lysate was centrifuged at 600 gfor 10 min. The super-
natant was collected and protein concentration was determined
as specified below.

Microsomal preparations

The above 600 g centrifugation supernatants were transferred
to 1.5 ml ultracentrifuge tubes and were spun at 100,000 g for
45 min to 1 h at 4°C. Pellets were either stored at —80°C or pro-
tein concentration was measured, adjusted with a 0.25 M saccha-
rose solution to the appropriate concentration, and used for
activity determination or processed for quantitative (q)PCR or
Western blot.

Ceramidase activities

All in vitro assays were conducted in 96-well plates at a final
volume of 100 pl/well. Reaction buffers were: Pseudomonas aeru-
ginosa neutral ceramidase (pCDase) [50 mM HEPES buffer,
1 mM CaCl, (pH 7.4) in the presence or absence of 0.3% (w/v)
Triton X-100]; NC [50 mM HEPES, 150 mM NaCl, 1% sodium
cholate (pH 7.4)]; ACER [50 mM HEPES, 1 mM CaCl, (pH
9.0)]. Final amounts of protein per well are indicated in the fig-
ure legends. For the determination of K,, and V,,,. (pCDase and
hNC), serial dilutions of substrates in the appropriate reaction
buffer were made from 80 uM (pCDase) or 200 uM (hNC) solu-
tions prepared from a 4 mM stock solution in ethanol. Cell ly-
sates: substrates were tested at 40 uM concentration by adding
the appropriate volume of 0.1 mM solutions in the suitable buf-
fer, prepared from 4 mM stock solutions in ethanol. The reaction
mixtures contained: pCDase (10 wl/well of protein, 40 wl/well of
substrate at the required concentrations, and 50 wl/well of buf-
fer); hNC (20 pl/well of protein, 40 pl/well of substrate at the
required concentrations, and 40 wl/well of buffer); ASAH2U /)
mouse embryonic fibroblasts (MEFs) and ACERs (25 pl/well of
protein and 75 pl/well of 53 pM substrate). The reaction mix-
ture was incubated at 37°C for 3 h, except for the determination
of K, and V,,,, (30 min). In all cases, reactions were stopped with
25 pl/well of methanol and then 100 wl/well of NalO, [2.5 mg/ml
in 100 mM glycine-NaOH buffer (pH 10.6)] was added. After
incubation at 37°C for 1 h in the dark, 100 pl/well of 100 mM
glycine-NaOH buffer (pH 10.6) was added and fluorescence
was measured spectrophotometrically at excitation and emission

wavelengths of 355 and 460 nm, respectively. The same reaction
mixtures without enzymes were used as blanks.

To determine ceramidase activity in intact cells, the day before
the assay, 2 x 10* cells per well were seeded in a 96-well plate.
Cells were incubated for 24 h at 37°C and 5% CO,. Medium was
replaced by 100 pl of fresh medium to which the required vol-
ume of a 4 mM stock solution of the RBM14 substrate in ethanol
had been added to obtain a 40 uM final concentration (1% final
concentration of ethanol). The plate was incubated for 3 h at
37°C, 25 pl/well of methanol were added and the assay was con-
tinued as described above for cell lysates.

NAAA activity

The reaction mixtures contained 25 wl/well of protein (1 mg/ml,
25 pg/well), 40 pl/well of 0.1 mM substrate solution (40 uM
final concentration) in reaction buffer [100 mM acetic/acetate
buffer (pH 4.5) ], and 35 pl/well of reaction buffer. The reaction
mixture was incubated at 37°C for 3 h, stopped with 25 ul/well of
methanol, and the assay was continued as described in the above
section.

Protein concentration determination

Protein concentrations were determined with BSA as a stan-
dard using a BCA protein determination kit (Thermo Scientific)
according to the manufacturer’s instructions.

Western blot analysis

Thirty micrograms of microsomal protein were combined with
Laemmli sample buffer and heated at 55°C for 30 min. Samples
were loaded onto a 12% polyacrylamide gel, separated by electro-
phoresis at 140 V/1 h, and transferred onto a polyvinylidene diflu-
oride membrane (100 V/1 h). Unspecific binding sites were then
blocked with 5% milk in TBS-Tween (TBST) (ACER2) or 3% BSA
in TBST (actin). Anti-ACER2 antibody was diluted 1:1,000 in 5%
milk in TBST. Anti-actin antibody was diluted 1:2,000 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 tempera-
ture (ACER2, anti-rabbit diluted 1:1,000 in 3% BSA in TBST; actin,
anti-mouse diluted 1:10,000 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.

qRT-PCR analysis

Total RNA was isolated from cells using RNeasy® Mini kit from
QIAGEN protocol. RNA concentration was measured by spectro-
photometric absorption at 260 nm in a NanoDrop ND-8000 spec-
trophotometer. RNA was treated with DNase I to remove genomic
DNA contamination. Quantities from 1 pg to 100 ng of DNase
I-treated RNA were retrotranscribed to cDNA using Superscript®
IT reverse transcriptase from Invitrogen and stored at —20°C.
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: mACERI
mACER1 (forward, 5-CAGGAGTACAGGAAGACCAGC-3’; re-
verse, 5-CCTTGTCATCACCCCGGATT-3"); hACER?2 (forward,
5-CTTTCGGAATGACCGGGGTA-3'; reverse, 5-GCATACACAGC-
CCAGGTAGG-3"); hACERS3 (forward, 5 TGACCTGATGGAATA-
TCGGCTC-3; reverse, 5'-CGCCGAGTTCTGGAATACAGT-3');
and GAPDH (forward, 5-ACCATCTTCCAGGAGCGAGA-3’; re-
verse, 5’-GATGGCATGGACTGTGGTCA-3"). For all ACER, 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.
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The final step was a 1 min incubation at 60°C. All reactions were
performed in triplicate. Relative mRNA abundances of the differ-
ent genes were calculated from the second derivative maximum
of their respective amplification curves (Cp, calculated by dupli-
cates). Cp values for target genes (Tg) were compared with the
corresponding values for the GAPDH reference gene to obtain
the ACp values (ACp = CpGAPDH - CpTyg).

RT-PCR analysis

Total RNA isolation, reverse transcription, and ¢cDNA PCR
amplification were performed as indicated in the previous sec-
tion. Primers were: mACERI1, 5-TTGCAGCTTCTGGCAGC-
GGA-3’ (forward) and ACTTTGCATCCACCAGGGCCA-3’ (reverse);
mACER2, 5-GCTGGATCAGCGACCAAGCCT-3" (forward) and
AGGCGAAGCACACACAGCCG-3’ (reverse); mACERS, 5-ACTG-
GAGAAGCGGTACATTGCTG-3" (forward) and 5-GGGAGC-
TCATCCAACAGCTGCATT-3’ (reverse); and microglobulin,
5-GCTATCCAGAAAACCCCTCAA-3’ (forward) and 5- CATGTC-
TCGATCCCAGTAGACGGT-3’ (reverse). Conditions for the three
ACERs were: one cycle of 94°C for 2 min, 30 cycles of 94°C for
30's,57°Cfor 30 s, 2°C for 20 s, and 1 cycle of 72°C for 5 min. Con-
ditions for B-2-microglobulin were: one cycle of 94°C for 2 min,
30 cycles of 94°C for 30 s, 62°C for 30 s, 72°C for 20 s, and 1 cycle
of 72°C for 5 min. The PCR products were separated by 1% (w/v)
agarose gel electrophoresis. The separated DNA fragments were
visualized by ethidium bromide staining and photographed under
UV light.

LC/MS

Lipid extracts and LC/MS analysis were carried out as previously
described (18, 19).

Statistics

Comparison between two means has been carried out with the
unpaired two-tailed #test and statistical differences are marked
with asterisks. For comparison of more than two means, data
have been analyzed by one-way ANOVA test followed by Bonfer-
roni’s multiple comparison test. Statistical differences between
means are pointed out with different letters atop each bar (same
letter indicates no statistical difference).

The quality of the assays for NC and ACER3 has been assessed
by calculating the Zfactor, which is a valuable tool to evaluate the
robustness and suitability of high-throughput screening (HTS)
assays (20). This parameter is calculated using the equation: Z=
1 — [3 SD of sample + 3 SD of background) /(mean of sample —
mean of background)]. The SD values represent the standard
deviation values (of sample and background). The Zfactors were
calculated using 5 ng of protein (buffer in background) and
20 wM substrate (RBM14C16) for hNC and 25 ug of protein (buffer
in background) and 20 uM substrate (RBM14C14) for ACER3.
For both enzymes, data were obtained from 15 replicates for both
sample and background.

RESULTS

Neutral ceramidases hydrolyze RBM14

Because different NCs have been reported, we tested
and compared the activity of bacterial NC, mNC, and hNC
on RBM14 compounds. The bacterial ceramidase from
Pseudomonas aeruginosa was purified as previously reported
(16). Prior to screening the enzyme activity on the fluorogenic

2022 Journal of Lipid Research Volume 56, 2015

60 | RESULTATS

substrates, the assay was optimized with this enzyme. Because
an aldehyde is produced in the oxidation step of the devel-
opment phase of the procedure (1), the presence of pri-
mary amines in the solution must be avoided. Therefore,
Tris was substituted with HEPES, which was also compati-
ble with the presence of Ca® in the solution, and so it
could be used for ACER. Although Triton X-100 has been
previously used in ceramidase activity measurements, we
found that it decreased the fluorescence signal (Fig. 2A).
Therefore, it was omitted in the assays. The higher hydro-
philicity of the RBM14 compounds, as compared with
other substrates used [i.e., 7-nitrobenz-2-oxa-1,3-diazol-4-yl
(NBD)-labeled ceramides], allows avoiding the use of Tri-
ton X-100 in activity determinations. As concluded from
the kinetic parameters, the best substrates for pCDase
were RBM14C14 = RBM14C12 > RBM14C10 >> RBM14C8
(Fig. 2B; Table 1).

Determination of enzyme activity in vitro was also carried
out with human recombinant enzyme (hNC). As shown in
Fig. 2C and Table 1, as in the case of pCDase, the substrate
affinity for hNC increased directly with increasing the N-acyl
chain length, as concluded from the decrease of the K,
values. Kinetic parameters show that substrate preference
is RBM14C16 = RBM14C14 >> RBM14C12 >> RBM14C10 >
RBM14C8.

The hydrolysis of RBM14 compounds by NC was also
determined in intact cells. Farber cells, which do not hy-
drolyze RBM14, were transfected with mNC [Farber cells
transfected with the pcDNA5/TO plasmid containing
mouse ASAH2 (FD-pcDNA5/TO-ASAH2)]. In these ex-
periments, in which all substrates were tested simultane-
ously at the same concentration (40 uwM), NC showed a
slight preference for the N-C10 analog (Fig. 2D). This was
also the case in cell lysates (Fig. 2E). Interestingly, the
N-C8 analog was also hydrolyzed by mNC, in contrast to AC,
which does not accept this compound as substrate (11),
and the hNC and bacterial NC, for which the C8 and the
C10 derivatives are poor substrates.

To confirm the robustness of the assay, we calculated
the Z factor, a statistical parameter used to evaluate the
suitability of a HTS assay based on the range of the signal
and the internal variation of the measurements. A score
of 1 > Z= 0.5 indicates a good assay, and a score of Z=1
indicates a perfect assay. Our calculated Z factor for the
NC assay using the pure human protein was 0.69 + 0.17
using the best substrate, RBM14C16. This result demon-
strated that the assay is suitable for HTS applications.

Hydrolysis of RBM14 by ACERs

As mentioned in the introduction, three different ACERs
have been reported, all of them exhibiting an optimum
activity at pH around 9.0. Because NC exhibits residual
ceramidase activity at basic pH, the effectiveness of ACERs
to hydrolyze RBMC14 was first explored using MEFs de-
fective in the ASAH2 gene (ASAH2™/~) MEFs). As expected,
lysates from these cells were significantly less competent
at hydrolyzing RBM14C12 than wild types at neutral pH
values (Fig. 3A). As shown in Fig. 3B, all the analogs ex-
cept for RBM14C8 were hydrolyzed in intact cells, with
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Fig. 2. Hydrolysis of RBM14 by NC. Experiments were carried out as detailed in the Experimental Proce-

dures using pure pCDase (A), pure hNC (E), or Farber cells transfected with empty pcDNA5/TO or
pcDNA5/TO-mASAH2 either intact (C) or lysed (D). In (A) and (B), the experiments were performed in
50 mM HEPES with 1 mM CaCly, pH = 7.4. In (A), incubations were performed in the presence or absence
of Triton X-100 (TX100) and substrates were tested at 40 wM concentration with 10 ng protein. In (B), ex-
periments were conducted in the absence of Triton X-100 with 50 ng protein. In (C), the substrates were
tested in intact cells (2 x 10* cells/well) with 40 wM substrates. In (D), substrates (40 nM) were tested with
cell lysates containing 14 pg of protein in 50 mM HEPES with 150 mM NaCl and 1% sodium cholate (pH
7.4). In (E), compounds were used at the specified concentrations using 5 ng of hNC and the same buffer
as in (D). Data are mean + SD of three to five independent experiments with triplicates. In (A), asterisks
indicate significant difference between samples with and without Triton X-100 (P < 0.001, unpaired two-
tailed #test). In (C) and (D), data were analyzed by one-way ANOVA test [P < 0.0001 (C); P< 0.0005 (D)]
followed by Bonferroni’s multiple comparison test. Different letters denote a statistically significant differ-
ence between groups (P< 0.05).

RBM14C14 producing the highest fluorescence values.
Hydrolysis of RBM14 was also analyzed in ASAH2"/™
MEEF lysates at different pH. As shown in Fig. 3C, the highest
activity occurred at basic pH, at which RBM14C14 gave
the highest hydrolysis rates. The activity observed at neutral
pH is likely to correspond to residual activity of ACERs.
These results suggested that RBM14s, mainly the C16 ana-
log, were hydrolyzed by at least one of the three ACERs.

We then determined the levels of mRNA for the different
ACERs in ASAH2' "/~ MEFs. As shown in Fig. 3D, these
cells have high levels of ACER3 transcript. In contrast, lev-
els of ACER2 mRNA are very low and ACER]1 mRNA is
undetectable. These results are in agreement with reported
data (http://biogps.org) and suggest that ACERS is the
ACER involved in the hydrolysis of RBM14 at basic pH in
ASAH2'"'”) MEFs.
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TABLE 1. K, and V.. of RBM14 hydrolysis by NC

pCDase hNC
K, Vinax K./ Vinax K, Vinax K,/ Vinas
RBM14C8 46 +18.1 101 +20.4 0.45 262 + 32.1 2,201 + 321 0.119
RBM14C10 33 +4.2 408 + 22.6 0.080 181 £ 21.2 807 + 82 0.225
RBM14C12 15+ 3.0 470 +35.9 0.032 55+ 4.8 1,186 + 122 0.047
RBM14C14 22 +2.9 469 +24.5 0.048 39 +4.9 4,716 + 453 0.0083
RBM14C16 n.d. n.d. — 16 +3.3 2,372 + 298 0.0069
C16Cer 139 (23) 5300 (23) 0.026 — — —
CerC12NBD — — — 33 (29) 826 (29) 0.040
K, is given in micromoles and V,,,, as nanomoles per minute per milligram protein. Data are mean + SD of

three to five independent experiments with triplicates. Protein amounts were: pCDase, 50 ng; hNC, 5 ng.
Experiments were carried out as detailed in the Experimental Procedures. In the case of pCDase, the assays were

performed in the absence of Triton X-100. C16Cer, N-palmitoylsphingosine. n.d., not determined.

To confirm hydrolysis of RBM14 by ACER3, micro-
somal preparations from ACER3 knockdown of HCT116
(HCT116-shACER3) cells and the corresponding mock
cells (HCT116-shRNA) were incubated with the fluoro-
genic probes for 3 h in HEPES buffer with 1 mM Ca®" at
pH 9.0. As shown in Fig. 4A, significantly lower fluores-
cence levels were released from RBM14C12, RBM14C14,
and RBM14C16 by ACER3 knockdown than by wild-type
cells, indicating that ACER3 hydrolyzes these three fluoro-
genic RBM14 derivatives. As expected, ACER3 mRNA lev-
els were about four times lower in ACER3 knockdown cells
than in wild types (Fig. 4B). The activity of the ACER3
knockdown cells was evident by lipid analysis. Thus, micro-
somes from ACER3 knockdown cells had significantly
lower levels of sphingosine and dihydrosphingosine than
mock cells (Fig. 4C). Furthermore, although signifi-
cantly higher levels of 16:0, 24:1, and 24:2 ceramides were

detected in ACER3 knockdown cells than in mock cells,
these increases were low (Fig. 4C). However, amounts of
16:0, 24:0, and 24:1 ceramide monohexosides and lactosylce-
ramides were significantly increased in ACER3 knockdown
over controls, suggesting metabolization of the augmented
ceramide via glycosylation. No difference was observed
for sphingomyelins between the two cell lines (data not
shown).

To evaluate whether ACER2 hydrolyzes the fluorogenic
substrates, we used a stable HeLa-based cell line express-
ing ACER2 in HeLa T-REx cells under the control of a
tetracycline-inducible promoter system (3). This inducible
expression system allows the expression of ACER2 to be
turned on/off by adding/removing tetracycline to the me-
dium. As expected, addition of tetracycline to the culture
medium provoked a dramatic increase in the levels of
ACER2 mRNA in HeLa T-REX cells stably transfected with
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Fig. 3. Hydrolysis of RBM14 compounds by intact (B) and lysed (A, C) ASAH2'™/7) MEFs. In (A), experi-
ments were performed at pH 7.4 and data correspond to the mean + SD of two experiments with triplicates
using 17 and 12 pg of protein. The asterisk denotes statistical significance at P< 0.00005 (unpaired two-tailed
ttest, n = 6). In (B), data (mean + SD) were obtained from three different experiments with triplicates (3.7,
5.1, and 6.5 x 10* cells/well); In (C), incubations were carried out with 25 g of protein at acid, neutral, or
alkaline pH. Data correspond to the mean + SD of three to five experiments with triplicates. Data were ana-
lyzed by one-way ANOVA test [P < 0.0001 (B); P< 0.0001 (C, pH 7.4); P< 0.0001 (C, pH 9.0)] followed by
Bonferroni’s multiple comparison test. Different letters denote a statistically significant difference between
groups (P < 0.05). D: Agarose %el electrophoresis ACER analysis of the RT-PCR products obtained from
mRNA isolated from ASAH2"/~ MEFs. Primers and PCR conditions are detailed in the Experimental Pro-
cedures. A representative image is shown.
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Fig. 4. Hydrolysis of RBM14 compounds by ACER3. A: Activity
of microsomes isolated from ACER3 knockdown and mock
HCT116 cells over the fluorogenic substrates. Incubations were
carried out with 6 pg of protein in 50 mM HEPES buffer with 1 mM
CaCl, at pH 9.0. Data, shown as mean + SD, correspond to three
different experiments with duplicates. Data were analyzed by one-
way ANOVA test [shCtrl, P<0.0001 (A); shACER3, P<0.0001 (A)]
followed by Bonferroni’s multiple comparison test. Different let-
ters denote statistically significant differences between means at
P < 0.05 as found by this test. Lowercase letters correspond to the
shCtrl group and capitalized letters correspond to the shACER3
group. B: ACER3 and ACER2 mRNA levels in ACER3 knockdown
and mock HCT116 cells as determined by qPCR. C: Amounts of
ceramide, sphingoid bases, ceramide monohexosides (CMH) and
lactosylceramides (LacCer) in microsomes isolated from ACER3
knockdown and mock HCT116 cells as determined by LC/MS.
Data correspond to the mean + SD of two experiments with tripli-
cates. Mean (+SD) sphingoid base phosphate levels were 2.2 +
0.2 pmol/mg protein for shCtrl and 1.7 + 0.2 pmol/mg protein for
shACERS3. Asterisks indicate significant difference between shCtrl
and shACER3 at P< 0.05 (unpaired two-tailed ttest).

ACER2 (ACER2-TET-ON cells) over those of cells cul-
tured in tetracycline-free medium (Fig. 5A). In agreement,
Western blot analysis with antibodies against ACER2
showed that expression of ACER2 was induced with tetra-
cycline (10 ng/ml, 24 h) in ACER2-TET-ON cells (Fig. 5B).
In contrast, microsomes of ACER2-TET-ON cells cultured
in the presence of tetracycline had no activity on the fluo-
rogenic substrates (Fig. 5C). Conversely, tetracycline pro-
voked a low, but significant, decrease in fluorescence from
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Fig. 5. Hydrolysis of RBM14 compounds by ACER2. HelLa T-REx
ACER2-TET-ON cells were grown in the absence (—Tet) or pres-
ence (+Tet) of tetracycline (10 ng/ml) for 24 h. A: ACER2 mRNA
levels as quantified by qPCR. B: Representative Western blot show-
ing the levels of ACER2 protein in microsomes (6 g of protein).
C: Hydrolysis of the fluorogenic substrates by microsomes isolated
from HelLa T-REx ACER2-TET-ON cells grown in the absence
(—Tet) or presence (+Tet) of tetracycline (10 ng/ml) for 24 h. In-
cubations were carried out with 6 pg of protein in 50 mM HEPES
buffer with 1 mM CaCl, at pH 9.0. D: Amounts of ceramide and
sphingoid bases in microsomes isolated from Hel.a T-REx ACER2-
TET-ON cells grown in the absence (—Tet) or presence (+Tet) of
tetracycline (10 ng/ml) for 24 h. Data correspond to the mean +
SD of three experiments with duplicates. In (C), data (mean + SD)
were analyzed by one-way ANOVA test (P < 0.0001) followed by
Bonferroni’s multiple comparison test. Different letters denote a
statistically significant difference between means at P < 0.05 as
found by this test. Lowercase letters correspond to the ACER2-TET-
ON cells grown in the absence (—Tet) of tetracycline group and
capitalized letters correspond to the ACER2-TET-ON cells grown
in the presence (+Tet) of tetracycline group. Asterisks indicate a
significant difference between samples from cells treated with and
without tetracycline at P< 0.05 (unpaired two-tailed ttest). In (D),
data correspond to the mean + SD of two experiments with tripli-
cates. Mean (=SD) sphingoid base phosphate levels were: —Tet,
5.1 = 0.3 pmol/mg protein; +Tet, 16.9 = 1.1 pmol/mg protein.

all substrates tested as compared with tetracycline-free
control cells. That the expressed enzyme was active was
proven by LC/MS analysis. Thus, microsomes from ACER2-
TET-ON cells treated with tetracycline contained signifi-
cantly lower levels of 16:0, 18:0, 22:1, 24:0, 24:1, and 24:2
ceramides than microsomes from cells cultured in the ab-
sence of tetracycline (controls) (Fig. 5D). The higher dif-
ference was observed for the 24:1 and 24:2 species. In
agreement with the activity of the overexpressed ACER2,
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microsomes from tetracycline-treated ACER2-TET-ON
cells had significantly higher levels of free bases than con-
trols (Fig. 5D).

The same tetracycline-inducible enzyme expression sys-
tem was used to evaluate the ability of ACER1 to hydrolyze
the fluorogenic substrates. Addition of tetracycline to the
culture medium provoked an increase in the levels of
ACERI mRNA in HeLa T-REX cells stably transfected with
ACERI1 (ACERI-TET-ON cells) over controls (cells incu-
bated in tetracycline-free medium) (Fig. 6A). However, mi-
crosomes of ACERI-TET-ON cells cultured in the presence
of tetracycline had no activity on the fluorogenic substrates
(Fig. 6B). Contrarily, tetracycline provoked a low, but sig-
nificant, decrease in fluorescence from RBM14C14 and
RBM14C16, as compared with tetracycline-free controls.
Evidence that the overexpressed enzyme was active was ob-
tained by LC/MS analysis of microsomes isolated from both
cells treated with or without tetracycline. Thus, tetracycline
induced a significant decrease in the levels of 22:0, 22:1,
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Fig. 6. Hydrolysis of RBM14 compounds by ACERI. HelLa T-REx
ACERI-TET-ON cells were grown in the absence (—Tet) or pres-
ence (+Tet) of tetracycline (10 ng/ml) for 24 h. A: mRNA levels as
quantified by qPCR. B: Hydrolysis of the fluorogenic substrates by
microsomes isolated from HeLLa T-REx ACER2-TET-ON cells grown
in the absence (—Tet) or presence (+Tet) of tetracycline (10 ng/ml)
for 24 h. Incubations were carried out with 6 pg of protein in
50 mM HEPES buffer with 1 mM CaCl, at pH 9.0. C: Amounts of
ceramide and sphingoid bases in microsomes isolated from HeLa
T-REx ACER2-TET-ON cells grown in the absence (—Tet) or pres-
ence (+Tet) of tetracycline (10 ng/ml) for 24 h. Data correspond
to the mean + SD of two experiments with triplicates. In (B), data
were analyzed by one-way ANOVA test (P < 0.0001) followed by
Bonferroni’s multiple comparison test. Different letters denote a
statistically significant difference between means at P < 0.05 as
found by this test. Lowercase letters correspond to the ACER2-TET-
ON cells grown in the absence (—Tet) of tetracycline group and
capitalized letters correspond to the ACER2-TET-ON cells grown
in the presence (+Tet) of tetracycline group. In (B) and (C), aster-
isks indicate significant difference between samples from cells
treated with and without tetracycline at < 0.05 (unpaired two-tailed
ttest). Mean (+SD) sphingoid base phosphate levels were: —Tet,
2.7 + 0.3 pmol/mg protein; +Tet, 7.7 + 0.5 pmol/mg protein.
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24:0, 24:1, and 24:2 ceramides and an increase in the
amounts of free bases, mainly sphingosine (Fig. 6C).

Because RBM14C14 is the best substrate for ACER3, the
7 factor was calculated using cell lysates from ASAFH2™/ ™
MEFs. A Zfactor of 0.74 + 0.05 was found, demonstrating
that the assay is suitable for HTS applications.

Hydrolysis of RBM14 by NAAA

Because NAAA has been shown to have a low, but sig-
nificant, ceramide hydrolyzing activity over N-lauroyl-
sphingosine at pH 4.5 (15), we tested to determine
whether NAAA was able to hydrolyze the RBM14 com-
pounds. To this end, HEK293T cells were transiently trans-
fected with an expression vector harboring the human
NAAA gene, and the activity over RBM14 was determined
in cell lysates at acidic pH. As shown in Fig. 7, lysates from
NAAA-transfected cells produced significantly more fluo-
rescence from RBM14C14 and RBM14C16 than lysates
from cells transfected with the empty vector. These in-
creases were 1.6 and 2.7 for RBM14C14 and RBM14C16,
respectively.

DISCUSSION

Ceramidases are amidohydrolases that catalyze the cleav-
age of ceramides and dihydroceramides to release fatty
acids and sphingosine and sphinganine, respectively. Fluo-
rescence spectroscopy-based methods to determine ce-
ramidase activity have gained attention due to their high
sensitivities and signal-to-noise ratios. In this context, dif-
ferent fluorophores, such as NBD (21-23), BODIPY, (24),
lissamine-rhodamine (24), and Nile Red (25) have been
incorporated into either the fatty acyl or the sphingoid base
moiety to produce fluorescent (dihydro)ceramides as ce-
ramidase substrates. Despite the advantage of fluorescent
over radioactive methods, the former are not amenable
for high-throughput formats. In contrast, fluorogenic sub-
strates are susceptible for high-throughput configurations.
Reported ceramidase fluorogenic substrates include FRET-
based dually labeled ceramides (12, 26) in which donor and
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Fig. 7. Hydrolysis of RBM14 fluorogenic substrates by NAAA. Ly-
sates (25 pg of protein) from HEK293 T cells transfected with
NAAA or the empty plasmid were incubated for 3 h with the sub-
strates (40 wM) as detailed in the Experimental Procedures. Data
correspond to the mean + SD of two experiments with three to four
replicates. Asterisks indicate a significant difference between sam-
ples from cells transfected with NAAA-contaning or empty plasmid
at ¥P < 0.025 and **P < 0.005 (unpaired two-tailed #test).



acceptor FRET pairs are located as part of the acyl chain
and/or the sphingoid base of the substrate, and fluores-
cence is displayed by the ceramidase hydrolysis-promoted
fluorescence quencher release. On the other hand, a series
of fluorogenic coumarin-containing ceramidase substrates
has also been described (10, 11). These compounds (RBM14
compounds, Fig. 1) were first reported as substrates of the
AC (10, 11), but the studies described herein show that they
are also hydrolyzed by other amidohydrolases such as NC,
ACER3, and, to a lesser extent, NAAA.

In the first case, NC includes bacterial, human, and
mouse enzymes. Comparison of the K,/ V,,,, ratios indi-
cate that the bacterial enzyme exhibits a preference
for RBM14C12 and RBM14C14 (K,,/ V. = 0.032 and
0.048, respectively), while the human enzyme hydrolyzes
RBM14C14 and RBM14C16 preferentially (K,/ V. =
0.0083 and 0.0069, respectively). In both cases, the sub-
strate affinity increases directly with increasing the N-acyl
chain length, as concluded from the decrease of the K,
values. This correlation is particularly evident with the hu-
man enzyme, which has, in general, less affinity for the
coumarinic substrates than the bacterial enzyme. In con-
trast, the latter hydrolyzes RBM14 with lower reaction
rates than the human enzyme. As compared with reported
substrates, hydrolysis of N-hexadecanoylsphingosine by
pure pCDase occurs with a K, of 139 uM and a V, . of
5,300 nmol/min/mg of protein (K,/ V., = 0.026) (23)
(Table 1). Thus, the enzyme exhibits a lower affinity for
N-hexadecanoylsphingosine than for the best fluorogenic
substrate, RBM14C12, but the reaction rate is ten times faster
with the former than with the later. On the other hand,
pure hNC hydrolyzes N-[12-[ (7-nitrobenz-2-oxa-1,3-diazol-
4-yl)amino]dodecanoyl]D-erythro-sphingosine (CerC12NBD)
with a K, of 33.41 uM and a V,,,, of 826 nmol/min/mg
of protein (K,,/ V,.x = 0.040) (29) (Table 1). Therefore,
RBM14C16 is a better substrate of hNC than CerC12NBD,
as its K,, value is one-half lower (16 pM) and its V, is
almost three times higher, which affords a K,/ V,,,, ratio
5.8 times lower (0.0069) (Table 1).

Regarding the mNC, studies were carried out using acid
ceramidase-deficient Farber cells transiently transfected
with the mouse ASAH2 gene. In this case, a preferential
trend for the short acyl chain substrates was observed both
in intact and lysed cells. The similarity between both sets
of results excludes the possibility that the substrate prefer-
ence observed in intact cells is due to putative transacyla-
tion of the administered substrate. Intriguingly, the mNC
also hydrolyzes RBM14C8, which is not accepted as a sub-
strate by any other ceramidase so far studied. The differ-
ent substrate preferences between bacterial NC, hNC, and
mNC are likely due to differences in their amino acid se-
quences that may impart different 3D structures to the
substrate binding pockets.

Among the three ACERs, only ACER3 has been shown to
hydrolyze RBM14, with a preferential activity over the C14
derivative. This conclusion was drawn from results obtained
in ASAH2"/7) MEFs, which exhibited an expected lower
capacity to hydrolyze RBMM14C12 than wild-type MEFs at
neutral pH. These cells, containing ACER3 as the almost

exclusive ACER, were able to hydrolyze the fluorogenic sub-
strates. As expected, lipid analysis of microsomes from
ACER3 knockdown HCT116 cells contained lower amounts
of free sphingoid bases than control cells. However, al-
though they also had a higher content of C16:0, C24:1, and
(C24:2 ceramides, they were not as high (less than 30%) as
we expected based on the decrease in ACER3 mRNA levels.
Because accumulation of ceramide has been reported to
induce cell death, further metabolism of ceramide to more
complex lipids could explain the low levels found in these
cells. The fact that ACER3 knockdown HCT116 cells con-
tained significantly higher levels of ceramide monohexo-
sides and lactosylceramide supports this possibility.

As mentioned in the Results section, microsomes from
ACERI and ACER2 overexpressing cells produced less fluo-
rescence from the substrates than control microsomes, sug-
gesting a lower capacity of the former to hydrolyze RBM14
compounds. These intriguing results suggest that overex-
pression of ACER1 and ACER2 provokes a downregulation
of other ceramidases. Because the assay was conducted in
microsomes at basic pH, ACERS3, which hydrolyzes RBM14,
is the most plausible candidate. Furthermore, ACER3 is
highly expressed in HelLa T-REx cells (3). Experimental evi-
dence has been reported that ACER3 knockdown upregu-
lates the expression of ACER2 (4). However, no data have
been reported that overexpression of one ACER affects the
expression of other ceramidases. Nevertheless, transcript
analysis showed that tetracycline did not affect ACER3
mRNA levels in either ACERI-TET-ON or ACER2-TET-ON
cells (data not shown). Whether the enzyme activity is re-
duced by ACER1 and ACER2 overexpression is not known.
In this regard, it is possible that activity is decreased by
product (sphingoid bases) inhibition, because the total
sphingosine/sphinganine levels in cells grown in the pres-
ence of tetracycline increased 2- and 3-fold over controls
for ACER1 and ACER2 overexpressing cells, respectively.
In any case, the overall results shown indicate that neither
ACERI1 nor ACER2 hydrolyze RBM14.

The lack of hydrolysis of RBM14 compounds by ACER1
and ACER2 could be explained by their reported prefer-
ence for very long chain ceramides (1, 2, 17, 27), while
ACERS3 hydrolyzes long chain, but not very long chain, un-
saturated ceramides (4). Considering that RBM14 bears a
modification in the sphingoid base moiety, another plau-
sible explanation is that ACERS tolerates this modification,
while ACER1 and ACER2 do not. In this regard, ACER3
can hydrolyze ceramides, dihydroceramides, and phytoc-
eramides, while ACER] and ACER2 are more restrictive
toward the ceramide sphingoid base portion (28).

Bioactive N-acylethanolamines, including the endocan-
nabinoid anandamide and the anti-inflammatory and neu-
roprotective N-palmitoylethanolamine, are hydrolyzed to
fatty acids and ethanolamine by fatty acid amide hydrolase
and NAAA. The latter, discovered by Ueda and collabora-
tors (14), was shown to work only at acidic pH. NAAA has no
homology to fatty acid amide hydrolase, but shares homology
with AC and was reported to hydrolyze Nlauroylsphingosine
at acidic pH (15). In agreement with the AC activity of
NAAA, in this article, we show that NAAA hydrolyzes
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RBM14C14 and RBM14C16, although both appear to be
poor substrates.

In summary, besides AC, NC, ACER3, and NAAA also
hydrolyze fluorogenic RBM14 compounds. Although the
selectivity of the substrates toward ceramidases can be
modulated by the length of the N-acyl chain, none of them
is specific for a particular enzyme, except for RBM14CS8,
which seems to be accepted only by the ectopically ex-
pressed mNC. Despite the lack of specificity, the excellent
Zfactors obtained for the assays with both NC and ACER3
warrant the suitability of these substrates in high-throughput
library screening programs aimed at identifying potent
and selective inhibitors of NC and ACERS3, which are cur-
rently unknown Bl

The authors thank Dr. Marta Casado for her help with qPCR
and Professor Natsuo Ueda for the kind gift of pcDNA3.1(+)
and pcDNAS3.1(+)-NAAA plasmids.
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The authors of “Activity of neutral and alkaline ceramidases on fluorogenic N-acylated coumarine-containing
aminodiols” (/. Lipid Res. 56: 2019-2028) have informed the Journal that the original chemical structure shown in Fig. 1
was incorrect. The oxygen atom in the ether bridge should be directly attached to the coumarine unit. This error does
not affect the results or conclusions of this work. The corrected Fig. 1 appears below.
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RESULTATS ADDICIONALS CAPITOL 1
Estudi de la hidrolisi del substrat RBM14 per ’ACER3

Introduccié

En l'article presentat anteriorment es demostra que els compostos RBM14, a part de
ser substrats per I'AC, sén substrats de la NC i TACER3, pero no de 'ACER1i 'ACER2.
L’analisi sobre la capacitat d’hidrolitzar el substrat per part de ’ACER3 es va realitzar
en un model cel-llular que expressava de manera estable un shRNA contra aquesta
CDasa. Per tal de corroborar els resultats presentats, es realitza I'analisi de la hidrolisi
dels substrats RBM14 en un nou model celllular. En aquest cas la linia humana
HEK293T transfectada amb un plasmid que codifica per TACER3 de ratoli.

Materials i métodes

Materials:

Juntament amb els materials descrits en l'article presentat en el capitol 1, es va
adquirir el plasmid pCMV6 que codifica per 'ACER3 unida a un tag Myc-DDK
(MR218055) a OriGene (figura 24).

CMV promoter
SV40 ori. @
VP1.5 primer

_-T7 promoter
-~ _-Sgfl

RC210072
(5.7 kb)

‘ “XL39 primer

PolyA signal

Figura 24: Plasmid pCMV6 que codifica per 'TACER3 unida a un tag de Myc-DDK

Cultiu cel-lular:

El model cel-lular utilitzat sén les HEK293T, cél-lules embrionaries de ronyd huma que
expressen de manera estable 'antigen T que s’uneix als promotors SV40 del vector
per tal d’augmentar la seva I’expressid. Es van cultivar a 37°C, 5% de CO, en medi de
cultiu “Dulbecco’s modified Eagle’s medium” (DMEM) amb un alt percentatge de
glucosa i suplementat amb un 10% de sérum fetal bovi i un 1% de penicil-lina i
estreptomicina.
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Sobreexpressio d’ACERS:

Per sobreexpressar 'ACER3, les cél-lules HEK293T es van transfectar amb el plasmid
PCMV6 que codifica per TACER3 unida a un tag Myc-DDK (figura 24). 24 h abans de
la transfeccio, les cél-lules es van sembrar en plagques de 6 pous (2.5x10° cél-lules per
pou) i es van transfectar amb 2.5 pug/pou del plasmid pCMV6/ACER3 i 10 ul de
Lipofectamina 2000% en 1 ml de medi de cultiu opti-MEM durant 7h. Passat aquest
temps es van afegir 2 ml de DMEM fresc en cada pou i es van incubar 16 h més. Les

cél-lules es van recollir i centrifugar per obtenir el pellet cel-lular.

Determinacio de 'activitat CDasa:

La determinacid de l'activitat CDasa en els microsomes aillats a partir dels llisats
cel-lulars es va realitzar seguint la metodologia descrita en l'article presentat en el
capitol 1.

Resultats

L’ACERS3 hidrolitza el RBM14:
Per confirmar la hidrolisi del RBM14 per part de I'ACER3, les preparacions

microsomals de les cél-lules HEK293T que sobreexpressen 'ACER3 i les controls
(céllules transfectades sense el plasmid) es van incubar amb les sondes
fluorogéniques durant 3 h en tampd HEPES a pH 9.

10000~ ok

g L2000
§ 8000 Il ACER3
2

® 6000

©

© * P<0.01

2 4000 ** P<0.001
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o
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Figura 25: Hidrolisi dels compostos RBM14 en microsomes aillats de HEK293T control (L2000) i
sobreexpressant TACER3 (ACER3). Els substrats (40 uM) es van incubar amb microsomes que contenien 6
ug de proteina en tampd HEPES 50 mM amb 1 mM de CaCl, a pH 9. Les dades corresponen a les mitjanes
+SD de dos experiments amb triplicats. Els asteriscs indiquen una diferéncia significativa entre les mostres
control i les cél-lules que sobreexpresen 'ACER3 (*P<0.01, **P<0.001; prova t de Student de dues cues per
dades independents)

Com es mostra en la figura 25, es va alliberar una fluorescéencia significativament més
elevada dels compostos RBM14C10, RBM14C12, RBM14C14 i RBM14C16 en les cél-lules
gue sobreexpressen 'ACER3, en comparacio amb les cél-lules control que han estat
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transfectades sense el plasmid. Aquest resultats indiguen que I'ACER3 és capac
d’hidrolitzar aquests derivats fluorogénics del RBM14.

Tot i haver-se detectat més fluorescéncia en les céllules transfectades amb el
plasmid que codifica per TACER3, les cél-lules control van presentar una senyal basal
molt elevada, tenint en compte que I'dnica ACER capac d’hidrolitzar el RMB14 és
'ACER3. Per descartar possibles interferéncies amb la NC, les preparacions
microsomals es van incubar durant 3 h en tampd HEPES a pH 9 i pH 7.5 amb les
sondes fluorogéniques, en aguest cas només el RBM14C12, RBM14C14 i RBM14C16. Tal
com s’esperava es van repetir els resultats a pH 9, alliberant més fluorescéncia dels
substrats les cel-lules que sobreexpressaven 'ACER3 (figura 26). A pH neutre tot i
gue es va detectar senyal de fluorescéncia, no es van apreciar diferéncies
significatives entre les cél-lules control i les transfectades amb el plasmid que
codifica per 'ACER3.
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2 4000 _ ** P<0.001
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Figura 26: Hidrolisi dels compostos RBM14 en microsomes aillats de HEK293T control (L2000) i
sobreexpressant ACER3 (ACER3) en un tampd de reaccid neutre (pH 7.5) o basic (pH 9). Els substrats (40
uM) es van incubar amb microsomes que contenien 6 ug de proteina en tampdé HEPES 50 mM amb 150 mM
de NaCl i 1% de colat sddic a pH 7.5 o tampd HEPES 50 mM amb 1 mM de CaCl, a pH 9. Les dades
corresponen a les mitjanes +SD de dos experiments amb triplicats. Els asteriscs indiquen una diferéncia
significativa entre les mostres control i les cel-lules que sobreexpresen 'ACER3 (*P<0.05, **P<0.001; prova
t de Student de dues cues per dades independents)
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RESUM

Sensors fluorogénics millorats per a la quantificacié in vivo de [Pactivitat
esfingosina-1-fosfat

Objectius: En un article previ, s’havia descrit per part del nostre grup, un nou meétode
aplicable a assajos HTS per determinar [I'activitat S1PL utilitzant el substrat
fluorogénic RBM13. No obstant, el RBM13 presentava limitacions, com ara la seva
baixa afinitat cap a la SIPL; aixi com la incapacitat per travessar la membrana
plasmatica, el que impedeix el seu Us en estudis amb cél-lules vives. Els objectius
d’aquest treball sén en primer lloc millorar la sonda RBM13 amb la sintesi de nous
analegs, i d’altra banda aconseguir la incorporacié de les sondes a l'interior de la
cél-lula i aixi poder determinar I'activitat STPL en cél-lules intactes.

Metodologia: La sintesi de les noves sondes RBM77 i RBM148 es va obtenir
mitjancant la reaccid de metatesi creuada d’olefines (OCM) catalitzada per ruteni
entre un precursor esfingoide i un derivat cumarinic. Els estudis de modelitzacié
molecular en la hSTPL es van realitzar amb els substrats RBM13, RBM77 i RBM148
units al cofactor piridoxal fosfat en el centre actiu de I'enzim (PDB 4Q6R). L’activitat
S1PL es va determinar mesurant la fluorescéncia alliberada per les sondes quan soén
hidrolitzades. En primer lloc, la validacié dels compostos RBM77 i RBM148 com a
nous substrats de la SIPL i la determinacié dels seus parametres cinétics es va
realitzar amb la hS1PL recombinant com a font enzimatica. En segon lloc es van
preparar els liposomes cationics formats per una mescla 1:1 de PC i DOTAP que
encapsulaven els diferents substrats fluorogénics. La caracteritzacid dels liposomes
va consistir en la determinacié de la seva mida per DLS i la determinacid de I'EE.
Finalment, I'avaluacié de l'activitat S1PL utilitzant els substrats encapsulats es va
realitzar en llisats cel-lulars o en céllules intactes de fibroblasts de ratoli MEF
SGPL1”*, SGPL1"", SGPL1”" i en la linia cellular HEK293T transfectada amb el gen
Sgpll que codifica per la STPL.

Resultats: Els parametres cinétics obtinguts amb els nous substrats van ser millors
gue els del RBM13, amb una Ky menor i una Vmax Mmés elevada. En termes de relacid
Vmax/Km, €l RBM77 es va comportar com el millor substrat. No obstant, la completa
alliberacié d’umbel-liferona del substrat RBM77 va requerir una solucié etanolica de
KOH. En canvi amb el RBM148 era suficient I'addicié del tampd glicina/NaOH per
obtenir una senyal de fluorescéncia optima. Els estudis de modelatge van mostrar
gue el grup cumarina dels substrats no interacciona amb el centre actiu de I'enzim i
gue la preséencia del doble enllac en RBM77 i RBM148 no influeix en la seva disposicio
espacial. La simulacié dinamica molecular va mostrar que les estructures eren
majoritariament estables després d’'una lleugera reordenacio inicial en 'enzim. De la
mateixa manera que va ocodrrer en els estudis en la hS1PL recombinant, les sondes
RBM77 i RBM148 es van comportar com a millors substrats que el RBM13 en llisats
cel-lulars. Gracies a I'’encapsulacid dels substrats fluorogénics en liposomes cationics
es va aconseguir determinar l'activitat SIPL en céllules intactes. La senyal de
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fluorescéncia era dependent de la concentracidé de substrat i, tal com s’esperava,
més elevada en les cél-lules que sobreexpressaven la SIPL. Degut a que I'addicid de
la solucié etanolica de KOH pertorbava I'estabilitat cel-lular i no va permetre una
lectura optima de fluorescéncia, no es van obtenir els resultats esperats amb Ia
sonda RBM77. Per aquest motiu en comparaciéo amb el RBM13 i el RBM77, la sonda
RBM148 va demostrar ser el millor substrat per mesurar I'activitat STIPL en cél-lules
vives. Finalment es va confirmar la idoneitat dels liposomes RBM148 per a I'avaluacio
de possibles inhibidors de la SIPL en cél-lules intactes HEK293T amb l'inhibidor de
referéncia 3c.

Conclusions: Les sondes RBM77 i RBM148 van ser validades com a nous substrats de
la SIPL amb uns parametres cinétics millors que el RBM13. Ambdds substrats eren
adequats per la determinacid de l'activitat SIPL en llisats cel-lulars i utils per al
descobriment de nous inhibidors enzimatics. L’encapsulacié de les sondes en
liposomes cationics va permetre la seva incorporacid a dins la cél-lula i per tant la
determinacid de l'activitat SIPL en cél-lules intactes. En comparacidé amb les altres
sondes, en termes de sensibilitat, el RBM148 va resultar ser el millor substrat per a la
seva aplicacid en cél-lules vives.
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Abstract

Compounds RBM77 and RBM148 have been designed as “second generation” fluorogenic
sensors for the determination of sphingosine-1-phosphate lyase activity. Their design has been
inspired in the application of the principle of vinylogy from our previously reported probe
RBM13. The new probes are superior to RBM13 in terms of kinetic parameters (V. and Ky)
and sensitivity in cell lysates. Moreover, by encapsulation into cationic liposomes, probe
RBM148 can be used for the determination of S1PL activity in intact cells.

78 | RESULTATS



INTRODUCTION

The development of non-natural sphingolipids amenable for monitoring sphingolipid
metabolism represents an interesting contribution to the chemical toolbox. These molecules
should prove useful in diagnostics, as well as to investigate sphingolipid metabolizing enzymes

in situ or to identify new hits in drug discovery programs.

Sphingosine-1-phosphate lyase (S1PL) is a pyridoxal 5’-phosphate (PLP) dependent enzyme
that catalyzes the cleavage of sphingosine-1-phosphate (S1P) and sphinganine-1-phosphate into
(E)-2-hexadecenal or 2-hexadecanal, respectively, and ethanolamine phosphate in the
catabolism of sphingolipids.! The enzyme is localized in the membrane of the endoplasmic
reticulum (ER) and its activity, together with that of sphingosine-1-phosphate kinases (SK) and
sphingosine-1-phosphate phosphatase (S1PP) is crucial for the so-called “sphingolipid rheostat”
in the cell.’” In fact, it is widely accepted that the cell fate depends, inter alia, on the ratio of the
proliferative S1P versus the apoptotic sphingosine (So) and ceramide (Cer). Moreover, S1PL is
a promising target for the treatment of inflammatory, autoimmune and neurodegenerative
diseases.”) Compounds that potently inhibit SIPL activity directly by binding to the enzyme
have been reported in the literature. The most recent and promising ones are mainly heterocyclic

71 some of them with ICsy values in the nM

compounds arising from massive HTS programs,
range.™” The development of tools to monitor the activity of SIPL has attracted the attention of
several groups, as evidenced by the variety of probes and analytical techniques described so
far.'" In a previous work,"""! we reported a high throughput screening (HTS) method to monitor
S1PL activity based on the fluorogenic substrate RBM13 (Scheme 1). This substrate evolves,
via a retro-aldol type reaction, to give umbelliferone as fluorescent readout in cell lysates assays
in a microtiter plate format.!"! However, an inherent limitation of RBM13 was its relatively low
affinity towards S1PL (high Ky) and a low V na.,!' > which required the use of higher amounts of
protein in comparison with other reported methods,"”! as well as its lack of cell permeability,
which prevented its use in live cell studies. Based on these considerations, we have developed
improved “second generation” analogs of our previously reported RBM13 probe in an attempt

to circumvent most of the above limitations.

RESULTS AND DISCUSSION
Design and synthesis of the probes

We hypothesized that the presence of a relatively bulky umbelliferyl group only two atoms
apart from the C1-C3 amino hydroxy phosphate core required for substrate recognition and
processing by S1PL could be, at least in part, responsible for the modest kinetic parameters of
the probe. We reasoned that appropriate compounds in which the coumarin ring would be
placed farther from the reactive site could be better SIPL substrates than RBM13 (Scheme 1).
Based on this assumption, we designed probes RBM77 and RBM 148, containing a vinyl spacer

between the amino phosphate core and the umbelliferone reporter. As a result of this
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vinylogation approach,'” a similar reactivity can be expected for the resulting aldehyde
products of the SIPL reaction (Scheme 1).

H o
g 9 = S1PL )’K/\ disclosed path
A) H(;’O, \O/Y\/\C13H27 — |4 Crghpy | T » undisclosed pathways
6]
NHs  s1p

acrolein

A o) S
‘OF‘, QH /@\/l S1PL k/\ base
B) MOS0 "o 0o H o o~ ~o
®

RBM13 .
- - A
X X \7 -
g C;)H/ /©\/\/\L —>S1 PL i/\/\ base \:” \
HO-] \O/Y\A/\O o o H = o o o (€] 0 \ o Q/
°0 oy 4
C) 3 RBM77 - 83 Umbelliferone

2,4-pentadienal

N [ o N
DS IPNe NN SUN< SN
HO’F\O/\‘/\\MO o o H ~"o 0”0
o0 ® L

NHs  RBm14s 83b

Scheme 1. (A): Metabolic degradation of S1P by S1PL; (B) RBM13, a first generation S1PL probe; (C) Conceptual
design of probes RBM77 and RBM148 by RBM13 vinylogation.

The retrosynthetic analysis of probes RBM77 and RBM148 relied on a Ru-catalyzed olefin
cross-metathesis (OCM) between a suitable configured sphingoid moiety and an

alkenyl-substituted umbelliferone fragment (Scheme 2).

< M z
RBM77 — TBSO/YW\O o 0 —— TBSOW + "0 o o
78
QH X OH X
R S OCM R S
RBM148 — TBSO” " " ¥ 0 070 = TBSOT YN Y "0 0o
141

Scheme 2. Retrosynthetic approach to probes RBM77 and RBM148.

Coumarin derivatives 69 and 115 were obtained by nucleophilic substitution of the in situ

generated umbelliferone alkoxide and the appropriate allylic or homoallylic electrophile,!>"®!

whereas the sphingoid moieties 72 and 135 were obtained from Weinreb amide 70,!'”

as
indicated in Scheme 3. Nucleophilic addition of vinyl or allyl Grignard reagents to 70 afforded
ketones 71 and 117, which were diastereoselectively reduced (LiAIH(O#-Bu); in EtOH at -78
°C)!'") to the corresponding anti aminoalcohols 72 and 135, respectively. Since ketone 117
showed a high propensity to isomerize to the conjugated enone, it was reduced without

purification.

The above anti-diastercoselection in the reduction of ketones 71 and 117 was confirmed by
configurational assignment of the new C; stereocenters in 72 and 135 via the corresponding (R)-
and (S)-a-methoxy-a-phenylacetic (MPA) esters and '"H-NMR analysis, according to the method
developed by Riguera” (see Supporting).
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Scheme 3. Reagents and conditions: (a) vinylmagnesium bromide, THF, 0 °C to rt (71 %). (b) allylmagnesium
chloride, THF, -20 °C to rt. (¢) LiAIH(O#-Bu);, EtOH, -78 °C (for 72: 90 %, dr = 98:2 anti/syn; for 135: 78 % over 2
steps, dr = 99:1 anti/syn)

OCM from alkene 72 and coumarin 69, using 2™ generation Grubbs catalyst,!'” afforded 78 as a
94:6 E:Z mixture. Deprotection of 78 (TBAF-THF), and site-selective phosphorylation of 79 led
to dimethyl phosphate 76 in good overall yields. Finally, silylation (TMSBr) and methanolysis,
with simultaneous deprotection of the phosphate esters and the N-Boc groups, afforded the

zwitterionic amino phosphate RBM77 (Scheme 4)

oH 0 oH
b N d -P_ -
135 ——= RO TN 0r, S R0 N"N0R,
NHBoc ! NHR,
141 (R = TBS) 144 (R, = Me, R, = Boc)
[ 14 (R=H) e[ . :

a /@\/1 RBM148 (R, =H, R, = H)
a Ry =" 0" o
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NHBoc NHR,
78 (R = TBS) . 76 (R, = Me, R, = Boc)
79 (R=H) RBM77 (R, =H, R, = H)

Scheme 4. Reagents and conditions: (a) see Scheme 3; (b) 115, Grubbs cat. 2nd gen., CH,Cl,, reflux (66 %, dr = 93:7
E/Z); (c) TBAF, THF, 0 °C; (d) 143, (MeO),POCI, 1-methylimidazole, CH,Cl,, 0 °C to rt; (e) (i) TMSBr, CH;CN, 0
°C to rt. (ii) CH;OH/H,0 (95% v/v), rt; (f) 69, Grubbs cat. 2™ gen., CH,Cl,, reflux (63 %, dr = 94:6 E/Z) ; (g) 79,
(MeO),POCI, 1-methylimidazole, CH,Cl,, 0 °C to rt.

A similar protocol was applied starting from homoallylic alcohol 135, as indicated in Scheme 4.
In this case, OCM reaction between alkene 135 and coumarin 115 gave a 93:7 E:Z mixture of
adducts 141, from which the £ isomer could be cleanly separated by flash chromatography.
Deprotection of the OTBS group, site-selective phosphorylation of 143, and final deprotection
of 144 (TMSBr, followed by methanolysis) yielded RBM148 in good yield.

Validation of probes RBM77 and RBM148 as substrates with recombinant human enzyme
(hS1PL)

Initial assays showed that the release of umbelliferone from aldehyde 83 (see Supporting), the

expected compound arising from S1PL cleavage of RBM77 (Scheme 1) was uncomplete after 6
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h using the standard Gly-NaOH buffer (pH = 10.6) (Figure S3A). Stronger bases at high
concentrations (ie. > 200 mM KOH/EtOH or aq NaOH) led to a decrease of the fluorescence
signal from umbelliferone over time (Figure S3B), whereas lower base concentrations (ie. < 50
mM) and shorter incubation times gave a constant low fluorescence signal for up to 60 min (-B
Figure S3C).
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Figure 1. Enzyme concentration (A,B) and time (C,D) dependence of the hS1PL catalyzed reaction using RBM77
(A,C) and RBM148 (B,D) as substrates at a final concentration of 125 pM. A and B: Incubation time was 60 min. C
and D: hS1PL concentration was 0.8 pg/mL. In B, the resulting enzymatic reaction was stopped with MeOH (50 pL)
and treated with 100 pL of 200 mM glycine/NaOH buffer (pH 10.6) (B;) or alternatively, treated with 100 mM
KOH/EtOH (100 pL), incubated for 20 min and the pH was further adjusted with the addition of 50 pL of a 200 mM
glycine/NaOH buffer solution (pH 10.6) immediately before reading (B,). Data are means = SD of one representative
experiment with triplicates. In E and F, the substrate concentration dependence of the initial velocity (Vo, expressed
as pmol of umbelliferone formed per minute and per pg of enzyme) of the hS1PL catalyzed reaction is represented. In
both cases, hS1PL (0.8 pg/mL) was incubated for 60 min with RBM77 (E) or RBM148 (F) at graded concentrations.

Data correspond to the mean += SD of one representative experiment out of three performed with triplicates.

We speculated that low base concentrations can be inefficient to completely shift the ionization

of umbelliferone towards the highly fluorescent anionic form. Gratifyingly, the successive
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treatment of umbelliferone with 100 mM KOH/EtOH, followed by 200 mM glycine/NaOH
buffer (pH = 10.6) provided the highest fluorescence signals with an stable intensity maximum
at KOH concentrations > 50 mM ((+B) Figure S3C) at incubation times from 20 to 60 min.
These conditions led to comparable fluorescence intensities when applied to aldehyde 83
(Figure S3D). Under these conditions, the production of fluorescence increased linearly with the
concentration of 83 up to 25 puM (results not shown). We were not able to optimize the
conditions for the release of umbelliferone from the elusive B,y-unsaturated aldehyde 83b
(Scheme 1), since attempts to synthesize it led to spontaneous decomposition and release of

umbelliferone (see Supporting).

Incubation of RBM77 (125 uM) with hS1PL at graded enzyme concentrations showed a linear
increase in product formation for up to 3 pg/mL of enzyme (Figure 1A). Product formation also
increased linearly for up to 3 h of incubation time (Figure 1C). At 0.8 pg/mL of hS1PL and 60
min of incubation time, only around 5 % of the substrate was transformed, giving rise to a 30—
fold increase of the fluorescence intensity with respect to the blank. Probe RBM148 was also
tested as hS1PL substrate under the above conditions. Formation of umbelliferone increased
linearly with the amount of hS1PL (up to 3 pg/mL, Figure 1B) and up to 2 h of incubation time
(Figure 1D). Unlike RBM?77, a similar fluorescence intensity was obtained with either the
glycine/NaOH buffer (pH 10.6) or with the KOH/EtOH solution, in agreement with the
expected higher reactivity of the elusive aldehyde 83b (see above). These results proved the
suitability of RBM 148 as hS1PL substrate and allowed to set the optimal incubation time to 1 h.

Table 1. Kinetic parameters for the hS1PL—catalyzed cleavage of RBM77 and RBM148.*

KM Vmax ]C50 R\
Substrate .1 1, Vma/Km

(M) (pmol-min~"-ug™) (nM)
RBM13" 1994+ 121 107+ 11 0.05 93.5+6.0
RBM77 132+ 14 263+ 13 1.99 91.2+7.1
RBM148 530+52 452 £ 8 0.85 98.3+6.2

*Data correspond to the mean = SD of three independent experiments with triplicates.” See ref '

Kinetic parameters for RBM77 and RBM148 (see Table 1 and Figures 1E and 1F) were better,
ie. lower Ky and higher V., values, than those of RBM13. In terms of the V.. /Ky ratio,
RBM?77 behaved as the best substrate, with up to 40 times higher V,,,/Ky ratio in comparison
with RBM13. The presence of the natural-like allyl alcohol moiety in RBM77 can account for
the observed results. Finally, the ICs, values for the reported hSI1PL inhibitor 3¢ (Figure 7)
using RBM77 and RBM148 as substrates were comparable to those obtained for RBM13,!'”

thus confirming the reliability of our novel fluorogenic S1PL substrates (Figure S4).
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Docking studies

In order to shed light on the role of the vinylogation of the coumarin moiety and on the position
of the double bond in the new probes, substrates RBM13, RBM77 and RBM 148 were modeled
in the form of external aldimines 20a—c (Figure 2A) bound to the hS1PL (PDB 4Q6R) active
site. In all cases, the reactive C3—OH group can establish hydrogen bond interactions with the
phosphate group of the PLP cofactor and with the e-NH of the imidazole side chain of His242.
For RBM13, the modeled structure shows that the coumarin unit is placed in a hydrophobic
patch formed by residues L173, H174, F290, W382 and Y387 (Figure 2B).

F290

B 1386 W3g2
OH Y526
~ A244
2-0,P0O R
3 /:hl? Y387
AN

E 20a; R = j\/\OCoum E
| 20b; R= S\~ ocoum |
! 20c;R= ;’S\/\/\OCoum ,

_______________________________

Figure 2. (A) Structures of modelled aldimines 20a—c. (B—D) Complexes of aldimines 20a—c (orange) bound into the

active site of hS1PL. Residues forming a hydrophobic patch close to the PLP-binding site are highlighted in green.

Similarly, the structures for the enzyme—bound aldimines 20b and 20c¢ show the m—coumarin
group placed even further away from the reactive site, interacting not only with some of the
residues of the above mentioned hydrophobic patch, but also with some residues that are closer
to the entrance to the active site, such as 1386, Y526 and F545 (Figures 2C and 2D).
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Comparison of the spatial arrangement of aldimines 20b and 20c¢ revealed that the position of
the double bond does not have a significant influence in the disposition of both the linker and
the coumarin group. However, the possibility that the different position of the double bond in
RBM77 and RBM148, or its absence in RBM13, could affect some steps of the enzymatic
cycle, for example by modifying the acidity of the reactive C3—OH group, could not be
disregarded. To further asses the plausibility of such structures, the modelled bound aldimines
were used as starting point to run molecular dynamics simulations in explicit water (50 ns, 300
K, periodic boundary conditions, NPT ensemble; complete details in Supporting Information).
Figure 3 illustrates the results obtained for aldimine 20¢. The simulations showed that the
structures were mostly stable after an initial slight rearrangement of the whole protein, with an
RMSD around 1.4 A relative to the starting structure (Figures 3, S1 and S2).

H-Bond number
=

0 . - . .
0 10 20 30 40 50
Simulation Time (ns)

Figure 3. (A) Snapshots from the 50 ns MD simulation of the complex between aldimine 20¢ (orange) and hS1PL
(gray, residues forming a hydrophobic patch close to the PLP-binding site are highlighted in green). (B) RMSD plot
and time dependence of the number of hydrogen bond interactions between the C3-OH of aldimine 20c¢ and the rest
of the protein (black), the PLP phosphate group (red), His242 (blue) or Tyr387 (green).

Analysis of the hydrogen—bond interactions established by aldimine 20c¢ showed that the
hydrogen bond between the C3—OH and the PLP—phosphate was kept for more than 95 % of the
simulation time whilst that between the C3—OH and His242 was established only intermittently

(Figure 3B). Similar results were obtained with the complexes from aldimines 20a and 20b
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(Figures S1 and S2), although in those cases an additional intermittent hydrogen bond
interaction with Tyr387 was also observed. Thus, these simulations would suggest that the PLP-
phosphate group could be the base responsible for the C3—OH deprotonation that is previous to
the C—C bond cleavage in the enzymatic cycle. The only other candidate base that apparently is
close enough to the reactive C3—OH would be His242. However, this seems less likely, since
the crystal structure of hS1PL shows that the —N of its imidazole ring accepts a hydrogen bond
from the backbone amide of Ala244, thus forcing the e-N-atom to be protonated and becoming
unable to act as acceptor of another proton. Instead, as observed in our simulations, the e-NH of
the imidazole is suitable to act as a hydrogen—bond donor if an acceptor group is placed
appropriately, such as the C3—OH present in aldimines 20a-c. Therefore, it seems reasonable to
propose that the hydrogen—bond interaction between His242 and the C3—OH of the substrate, as
well as that formed with Tyr387, could serve to increase the acidity of this reactive OH, thus
promoting the cleavage of the C—C bond and the concerted release of the corresponding

aldehyde, both essential steps of the catalytic cycle of SIPL.

Validation of the probes as hS1PL substrates in cell lysates

Probes RBM77 and RBM148 were tested as S1PL substrates in cell lysates and compared with
RBM13. HEK293T cells overexpressing mouse SIPL were obtained by transfection with a
plasmid harbouring the mouse Sgp// gene. As with recombinant hS1PL, probes RBM77 and
RBM 148 behaved as better substrates than RBM13 in this cell system, as evidenced by their
higher fluorescence signal, relative to the background (cells treated only with the transfection

reagent lipofectamine 2000” (Figure 4A).
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Figure 4. (A) S1PL activity in HEK293T cell lysates. SIPL activity was measured in HEK293T overexpressing
S1PL lysates using RBM13, RBM77 and RBM148 as a fluorogenic substrate at a final concentration of 125 puM.
Data are the average + SD of two experiments with triplicates; (B) S1PL activity in cell lysates. SIPL activity was
measured in SGPL1"*, SGPL1"" and SGPL1"~ MEF lysates using RBM13, and RBM 148 as a fluorogenic substrate

at a final concentration of 125 uM. Data are the average + SD of two experiments with triplicates.

In terms of sensitivity, RBM148 proved the best SIPL substrate and the most reliable
alternative to RBM13 for the quantification of the enzyme activity in cell lysates. Despite

RBM77 showed better kinetic parameters in hS1PL (see Table 1), the strongly basic conditions
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required for the release of the umbelliferone reporter (see above) led to a noticeable decrease of
its fluorescence. These results were corroborated in cell lysates from homozygous (SGPL1")
and heterozygous (SGPL1"") Sgpll null and wild type (SGPL1"") MEF cells. As expected,
RBM148 was superior to RBM13 as fluorescent reporter in the SGPL1"* and SGPL1"" cell
lines (Figure 4B).

Liposome formulations for the delivery of RBM probes in intact cells

The polar nature of our RBM probes prevents their proper permeability through the cell
membranes and, hence, their applicability as reporters in intact cell studies. In order to
circumvent this drawback, we reasoned that their encapsulation into cationic liposomes could be
a suitable alternative. Cationic liposomes were formulated as a 1:1 mixture of phosphatidyl
choline (PC) and N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethyl ammonium methyl sulfate
(DOTAP) (see Supporting for complete characterization).
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Figure 5. S1PL activity in intact cells using RBM148 encapsulated in liposomes. The amount (pmol) of
umbelliferone released from RBM 148 was measured after 3 h incubation. (A) HEK293T overexpressing S1PL were
incubated with different dilutions of RBM 148 liposomes. Non-encapsulated RBM 148 at 200 pM was also tested. (B)
Comparison between S1PL probes encapsulated in liposomes at 580 uM. (C) Amounts of umbelliferone released in
non-tranfected (L2000) and S1PL overexpressing (SPL) HEK293T cells incubated with 200 pM RBM148
encapsulated in liposomes. —L2000, cells used as a control without lipofectamine 2000%. Data in A are the average +
SD of three experiments with duplicates. Data in both B and C are the average £ SD of two experiments with
duplicates. Data in C 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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Mouse S1PL overexpressing HEK293T cells were initially used for preliminary studies with
encapsulated RBM13 in different liposome formulations after a preliminary evaluation of cell
viability in the cell lines used in this study (Figure S7). The resulting fluorescence was
dependent on the liposome and substrate concentrations and, as expected, it was higher in cells
overexpressing S1PL in comparison with cells only treated with the transfection agent
lipofectamine 2000® (Figure S8). On the other hand, liposome formulations of RBM77 showed
a substantial increase of the released umbelliferone in S1PL overexpressing HEK293T cells in
comparison with encapsulated RBM13 (Figures S8 and S9). However, the need of
KOH/ethanol solutions to promote the retro Michael elimination of the expected S1PL aldehyde
product 83 (see above), turned out to be a serious drawback for the use of this substrate in intact
cells, since the strongly required basic conditions disturbed the cell stability and did not allow
an optimum fluorescence readout. Despite the use of the Gly/NaOH buffer allowed the
quantification of the released umbelliferone (see Figure S9), the maximum fluorescence could
not be achieved. In agreement with the observed higher reactivity of the elusive aldehyde 83b
arising from RBM148 (see above), the use of Gly/NaOH buffer allowed the release of
umbelliferone when encapsulated RBM148 was used as SIPL activity reporter in S1PL
overexpressing HEK293T cells using liposome formulations (Figure 5A). In comparison with
RBM13 and RBM77, probe RBM148 proved superior in terms of sensitivity (Figure 5B). To
confirm that the improvement in substrate permeability was not due to the transfection agent
Lipofectamine 2000 (L2000), a control experiment (-L2000) was compared with a blank
experiment using Lipofectamine 2000° in non-transfected cells (L2000). In both cases,

comparable fluorescence was observed (Figure 5C).

The efficiency of RBM148 as substrate in non-overexpressing S1PL cells was tested in the
above SGPL1"", SGPL1" and SGPL1"" MEF intact cells. As shown in Figure 6, the released
“*) than in the knockouts, with the

heterozygous producing more fluorescence than the homozygous Sgp//-null cells. As expected,

umbelliferone was higher in the wild types (SGPLI1

S1PL activity was dependent on the substrate encapsulated in liposome concentration and it was
higher in SGPL1"" than in SGPL1"" cells, with no S1PL activity in SGPL1"" cells.
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Figure 6. S1PL activity in intact cells using RBM 148 encapsulated in liposomes. SGPL1"", SGPL1"" and SGPL1”-
cells were incubated for 3 h with different dilutions of RBM148 liposomes. Non-encapsulated RBM148 at 200 uM
was also tested. The amount (pmol) of umbelliferone released from RBM 148 was measured. Data are the average +

SD of two experiments with duplicates.
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The suitability of liposome formulations of RBM148 for the evaluation of S1PL inhibitors in
intact cells was confirmed in S1PL overexpressing HEK293T cells using the reported inhibitor
3¢ as reference. At 10 uM of 3¢, 580 uM of RBM148 encapsulated in liposomes gave the best
results in terms of sensitivity (Figure 7). Likewise, an ICsy of 5.27 uM for the reported hS1PL
inhibitor 3¢ in SGPL1""" cells was also determined in this assay (Figure S10).
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Figure 7. SI1PL inhibition by compound 3¢ in intact cells using a liposome formulation of RBM148.
S1PL-overexpressing HEK293T cells were incubated for 15 min with 3¢ (10 uM) followed by a 3 h treatment with
encapsulated RBM148 at different concentrations. The amount (pmols/10° cells) of released umbelliferone was

measured. Data are the average + SD of two experiment with triplicates.

CONCLUSIONS

In summary, fluorogenic probes RBM77 and RBM148 have been developed for the
quantification of S1PL activity. Their design has been inspired in the application of the principle
of vinylogy from our previously reported probe RBM13. The new probes are superior to
RBM13 in terms of kinetic parameters and sensitivity using cell lysates as enzyme source.
Interestingly, by encapsulation into cationic liposomes, probe RBM148 can be used to the
determination of S1PL activity in intact cells, which widens the scope of applicability of this

new probe.

ACKNOWLEDGMENTS

We are grateful to Prof. Andreas Billich (Novartis) for a generous gift of recombinant hS1PL
and inhibitor 3c. We are also grateful to Prof. Paul Van Veldhoven for providing MEF cells.
Partial financial support from the “Ministerio de Ciencia e Innovacion”, Spain (Project
CTQ2014-54743-R is acknowledged). The authors also want to thank “Fundacié La Maratd
deTV3” for financial support through Projects 20112130 and 20112132.

METABOLISME DELS ESFINGOLIPIDS: NOVES METODOLOGIES | EFECTE SOBRE L’AUTOFAGIA | 89



EXPERIMENTAL
Chemistry

Unless otherwise stated, reactions were carried out under argon atmosphere. Dry solvents were
obtained by passing through an activated alumina column on a Solvent Purification System
(SPS). Methanol and ethanol were dried over CaH, and distilled prior to use. Commercially
available reagents and solvents were used with no further purification. All reactions were
monitored by TLC analysis using ALUGRAM® SIL G/UV,s4 precoated aluminum sheets
(Machery—Nagel). UV light was used as the visualizing agent and a 5% (w/v) ethanolic solution
of phosphomolybdic acid as the developing agent. Flash column chromatography was carried
out with the indicated solvents using flash—grade silica gel (37-70 pum). Yields refer to

chromatographically and spectroscopically pure compounds, unless otherwise stated.

NMR spectra were recorded at room temperature on a Varian Mercury 400 instrument. The
chemical shifts (8) are reported in ppm relative to the solvent signal, and coupling constants (J)
are reported in Hertz (Hz). *'P chemical shifts are relative to a 85 % H;PO, external reference (0
ppm). The following abbreviations are used to define the multiplicities in '"H NMR spectra: s =
singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, ddd = doublet of doublet of
doublets, m = multiplet, br = broad signal and app = apparent. High Resolution Mass
Spectrometry analyses were carried out on an Acquity UPLC system coupled to a LCT Premier
orthogonal accelerated time—of—flight mass spectrometer (Waters) using electrospray ionization
(ESI) technique. Optical rotations were measured at room temperature on a Perkin Elmer 341

polarimeter.

General procedure 1: Ru—catalyzed olefin cross metathesis reactions

To a stirred solution of the starting olefins (1.5 and 6 mmol, respectively) in degassed CH,Cl,
(20 mL), Grubbs catalyst 2" generation (0.03 equiv/mol) was added portionwise at rt. The
resulting mixture was refluxed in the dark for 2 h, cooled down to rt and concentrated in vacuo

to afford a crude, which was purified as indicated for each compound.

General procedure 2: Regioselective phosphorylation of 1,3—diols

A solution of the starting diol (0.5 mmol) in CH,Cl, (15 mL) at 0 °C was treated successively
with N—methylimidazole (1.5 equiv/mol) and dimethyl chlorophosphate (1.2 equiv/mol). The
reaction mixture was stirred at rt for 1 h, cooled down to 0 °C and quenched by the dropwise
addition of saturated aqueous NH,4Cl (10 mL). The resulting mixture was extracted with CH,Cl,
(3 x 15 mL) and the combined organic layers were washed with brine (2 x 20 mL), dried over
anhydrous MgSO, and filtered. Evaporation of the solvent afforded a crude mixture, which was

purified as indicated for each compound.

General procedure 3: TMSBr-mediated deprotection of dimethyl phosphates and N-Boc
amino groups.
To an ice cooled solution of the starting dimethyl phosphate (0.2 mmol) in dry CH;CN (8 mL),

was added dropwise TMSBr (5 equiv/mol). After stirring for 3 h at rt, the reaction mixture was
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concentrated under reduced pressure. The residue was then redissolved in MeOH/H,O (95:5,
same reaction volume) and stirred for an additional hour at rt. Evaporation of the solvent

afforded a crude mixture, which was purified as indicated for each compound.

General procedure 4: fluoride-mediated deprotection of TBS groups

To a solution of the corresponding TBS—protected alcohol (1 mmol) in THF (10 mL) was added
dropwise TBAF (1 M in THF, 2 equiv/mol) at 0 °C. After stirring at the same temperature for 30
min, the reaction was quenched with saturated aqueous NH4Cl (10 mL) and the resulting
mixture was extracted with Et,O (3 x 15 mL). The combined organic layers were washed with
brine (2 x 20 mL), dried over anhydrous MgSQ,, filtered, and evaporated to give the crude
products. Purification by flash chromatography on silica gel (from 0 to 3 % MeOH in CH,Cl,)
afforded the required alcohols.

(S)—tert—butyl (1-b(tert—butyldimethylsilyl)oxy)-3—oxopent—4—en—2—yl)carbamate (71)
Vinylmagnesium bromide (82.8 mL, 57.9 mmol, 0.70 M in THF) was added dropwise to a
solution of 70 " (6.0 g, 16.6 mmol) in THF (50 mL) at 0 °C. After stirring at rt for 1 h, the
reaction mixture was added dropwise via canula to a 1 M aq. solution of HCI (50 mL) at 0 °C
and the resulting mixture was extracted with EtOAc (3 x 50 mL) The organic layers were
combined, washed with brine (2 x 50 mL), dried over anhydrous MgSO,, filtered and
concentrated in vacuo to give the crude product. Flash chromatography (from 0 to 5 % EtOAc
in hexane) gave 71 (3.85 g, 71 %) as a colourless oil.

[0]*p = +62.2 (¢ 1.0, CHCI) [lit.!"" [a]*p = +63.3 (¢ 0.62, CHCl3)]. '"H NMR (400 MHz,
CDCl;) 6 6.56 (dd, J=17.5, 10.6 Hz, 1H), 6.35 (dd, J=17.4, 1.3 Hz, 1H), 5.83 (d, /= 10.6 Hz,
1H), 5.52 (br d, J = 7.0 Hz, 1H), 4.60 (dt, J = 7.6, 3.9 Hz, 1H), 4.01 (dd, J=10.3, 3.3 Hz, 1H),
3.85 (dd, J = 10.3, 4.4 Hz, 1H), 1.45 (s, 9H), 0.84 (s, 9H), 0.01 (s, 3H), 0.00 (s, 3H). °C NMR
(101 MHz, CDCl;) 6 197.0, 155.4, 133.3, 129.5, 79.9, 63.6, 59.7, 28.5, 25.9, 18.3, 5.5, -5.5.
HRMS calcd. for C¢H3;NO,SiNa ([M + Na]+): 352.1920, found: 352.1937.

tert-butyl ((25,3R)—1—((tert—butyldimethylsilyl)oxy)-3—-hydroxypent—4—en—2—yl) carbamate
(72)

A solution of 71 (1.01 g, 3.08 mmol) in ethanol (12 mL) was added dropwise to a suspension of
lithium tri—tert—butoxyaluminum hydride (1.72 g, 6.78 mmol) in ethanol (30 mL) at —78 °C.
After stirring at the same temperature for 30 min, the reaction mixture was allowed to warm to 0
°C and was quenched with 10 % (w/v) aqueous citric acid (20 mL). The resulting mixture was
extracted with EtOAc (3 x 50 mL) and the combined organic layers were washed with brine (2 x
50 mL), dried over anhydrous MgSQ,, filtered, and concentrated in vacuo to give a 98:2
anti/syn crude mixture of diastereomers. Flash chromatography of the residue (from 0 to 11 %
EtOAc in hexane) gave pure anti—72 (922 mg, 90 %) as a colourless oil.

[0]*p = +28.1 (¢ 1.0, CHCl) [lit.!"" [a]”p = +24.8 (¢ 1.45, CHCl3)]. '"H NMR (400 MHz,
CDCl;) 6 5.93 (ddd, J=17.2, 10.6, 4.9 Hz, 1H), 5.39 (dt, J=17.2, 1.7 Hz, 1H), 5.32 — 5.19 (m,
2H), 4.27 (s, 1H), 3.93 (dd, J = 10.4, 2.9 Hz, 1H), 3.76 (dd, J=10.3, 2.6 Hz, 1H), 3.63 (dd, J =
7.3,3.5 Hz, 2H), 3.44 (br s, 1H), 1.45 (s, 9H), 0.90 (s, 9H), 0.07 (s, 3H), 0.07 (s, 3H). C NMR
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(101 MHz, CDCl3) 6 156.0, 138.0, 116.0, 79.7, 75.0, 63.6, 54.2, 28.5, 25.9, 18.3, -5.5, -5.5.
HRMS calcd. for C1¢H34NO4Si ([M + H]+): 332.2257, found: 332.2267.

tert-butyl ((28,3R,E)-1—((dimethoxyphosphoryl)oxy)-3—-hydroxy—7—((2—oxo-2H—
chromen—7-yl)oxy)hept—4—en—2—yl)carbamate (76)

Compound 76 (colorless oil, 105 mg, 69 %) was obtained from alcohol 79 (120 mg, 0.30
mmol), N—methylimidazole (35 pL, 0.44 mmol) and dimethyl chlorophosphate (38 uL, 0.36
mmol), according to general procedure 2. The title compound was purified by flash
chromatography on silica gel (from 0 to100 % EtOAc in hexane).

[a]*’p = +6.4 (¢ 0.9, CHCl;). '"H NMR (400 MHz, CDCl5) & 7.63 (d, J = 9.5 Hz, 1H), 7.36 (d, J
= 8.6 Hz, 1H), 6.87 — 6.77 (m, 2H), 6.24 (d, J= 9.5 Hz, 1H), 5.91 — 5.81 (m, 1H), 5.70 (dd, J =
15.5, 6.4 Hz, 1H), 5.09 (br d, /= 7.8 Hz, 1H), 4.35 (ddd, /= 10.8, 8.2, 4.7 Hz, 1H), 4.20 (t, J =
6.3 Hz, 1H), 4.16 — 4.08 (m, 1H), 4.05 (t, /= 6.5 Hz, 2H), 3.88 — 3.73 (m, 7H), 2.62 — 2.53 (m,
2H), 1.42 (s, 9H). "C NMR (101 MHz, CDCls) & 162.2, 161.33, 156.0, 155.8, 143.5, 132.0,
128.9,113.2, 113.0, 112.7, 101.5, 80.0, 72.2, 67.8, 66.7 (d, Jcp = 5.7 Hz), 55.0 (br d, Jc p= 4.4
Hz), 54.7 (d, Jc.p = 5.9 Hz), 32.1, 28.5. *'P NMR (162 MHz, CDCl;) 6 2.65. HRMS calcd. for
Cy3H3,NO(NaP ([M + Na]"): 536.1662, found: 536.1670.

(28,3R,E)-2—ammonio—3—-hydroxy—7—((2—ox0—2H—chromen—7-yl)oxy)hept—4—en—1-yl
hydrogen phosphate (RBM77)

Compound RBM77 (white solid, 49 mg, 85 %) was obtained from dimethyl phosphate 76 (77
mg, 0.15 mmol) and TMSBr (99 uL, 0.75 mmol), according to general procedure 3. The crude
reaction mixture was dissolved in methanol and loaded on an Amberlite ® XAD4 column (10 g),
which had been washed thoroughly with acetone and then equilibrated with water. Elution with
a linear gradient from 0 to 50 % CH;CN in H,O provided pure RBM77.

[0]*’p = +14.7 (¢ 0.7, DMSO). "H NMR (400 MHz, CD;0D) & 7.88 (d, J= 9.5 Hz, 1H), 7.54 (d,
J=28.6 Hz, 1H), 6.99 — 6.89 (m, 2H), 6.25 (d, J= 9.5 Hz, 1H), 6.06 — 5.93 (m, 1H), 5.68 (dd, J
=154, 6.6 Hz, 1H), 4.34 (t, J = 5.6 Hz, 1H), 4.20 — 4.07 (m, 3H), 4.00 (dt, /= 11.8, 7.9 Hz,
1H), 3.43 — 3.36 (m, 1H), 2.67 — 2.58 (m, 2H). °C NMR (101 MHz, DMSO-d,) & 161.6, 160.3,
155.4, 144.3, 131.0, 129.5, 128.4, 112.7, 112.4, 112.3, 101.1, 69.0, 67.5, 61.5 (br d, Jcp = 2.7
Hz), 56.2 (br d, Jcp = 2.7 Hz), 31.3. >'P NMR (162 MHz, DMSO-d¢) & 1.84. HRMS calcd. for
C16H2 NOgP ([M + H]"): 386.1005, found: 386.0997.

tert-butyl ((28,3R,E)-1—((tert-butyldimethylsilyl)oxy)-3—hydroxy—7-((2—oxo-2H—
chromen—7-yl)oxy)hept—4—en—2—yl)carbamate (78)

Compound 78 (inseparable 94:6 E/Z mixture, colourless oil, 860 mg, 63 %) was obtained from
72 (875 mg, 2.64 mmol), 69" (2.28 g, 10.6 mmol) and Grubbs catalyst 2™ generation (67 mg,
0.08 mmol), according to general procedure 1. The title compound was purified by flash
chromatography on silica gel (from 0 to 1 % CH;OH in CH,Cl,). Early—eluting fractions were
collected to give a sample of pure E—alkene, from which the following data were acquired.

[0]*p =+11.1 (¢ 1.0, CHCI;) 'H NMR (400 MHz, CDCl;) & 7.63 (d, J = 9.5 Hz, 1H), 7.36 (d, J
= 8.6 Hz, 1H), 6.85 - 6.76 (m, 2H), 6.25 (d, J= 9.5 Hz, 1H), 5.92 — 5.81 (m, 1H), 5.71 (dd, J =
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15.4,5.4 Hz, 1H), 5.24 (br d, J= 8.2 Hz, 1H), 4.29 —4.22 (m, 1H), 4.06 (t, J= 6.5 Hz, 2H), 3.94
(dd, J=10.4, 2.9 Hz, 1H), 3.80 — 3.70 (m, 1H), 3.65 — 3.55 (m, 1H), 2.60 (app q, J = 6.6 Hz,
2H), 1.45 (s, 9H), 0.88 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H). °C NMR (101 MHz, CDCl;) & 162.2,
161.3, 156.0, 155.9, 143.5, 132.9, 128.9, 127.5, 113.2, 113.0, 112.7, 101.5, 79.7, 74.5, 67.8,
63.5, 54.5, 32.1, 28.5, 25.9, 18.2, —5.5, —5.5. HRMS calcd. for C;H4NO-NaSi ([M + Na]"):
542.2550, found: 542.2557.

tert-butyl  ((28,3R,E)-1,3—dihydroxy—7—((2—ox0-2H—chromen—7-yl)oxy)hept—4—en—2—yl)
carbamate (79)

Diol 79 (colorless oil, 345 mg, 95 %) was obtained from 78 (465 mg, 0.90 mmol) and TBAF
(1.79 mL, 1.79 mmol), according to general procedure 4.

[0]*’p = -3.6 (¢ 1.0, CHCl3). "H NMR (400 MHz, CDCl3) 8 7.63 (d, J = 9.5 Hz, 1H), 7.36 (d, J
= 8.5 Hz, 1H), 6.86 — 6.76 (m, 2H), 6.25 (d, J= 9.5 Hz, 1H), 5.94 — 5.83 (m, 1H), 5.74 (dd, J =
15.5, 6.0 Hz, 1H), 5.33 (br d, J=7.2 Hz, 1H), 4.40 — 4.35 (m, 1H), 4.07 (t, /= 6.4 Hz, 2H), 3.94
(dd, J=11.4, 3.5 Hz, 1H), 3.73 (dd, J=11.4, 3.7 Hz, 1H), 3.65 (br s, 1H), 2.65 — 2.55 (m, 1H),
1.45 (s, 9H). >C NMR (101 MHz, CDCl3) & 162.1, 161.5, 156.4, 155.9, 143.6, 132.6, 128.9,
128.3, 113.1, 113.1, 112.7, 101.5, 80.0, 74.4, 67.8, 62.5, 55.4, 32.1, 28.5. HRMS calcd. for
C,H»NO;Na ([M + Na]"): 428.1685, found: 428.1691.

tert-butyl ((25,3R)-1—((tert—butyldimethylsilyl)oxy)-3—hydroxyhex—5—en—2—-yl) carbamate
(135)

Allylmagnesium chloride (6.9 mL, 13.8 mmol, 2.0 M in THF) was added dropwise to a solution
of 70 (2.50 g, 6.90 mmol) in THF (30 mL) at —20 °C. The reaction mixture was allowed to
warm to 0 °C over 5 h with stirring and was then quenched with saturated aqueous NH4CI (25
mL). The resulting mixture was extracted with EtOAc (3 x 50 mL) and the combined organic
layers were washed with brine (2 x 50 mL), dried over anhydrous MgSQO,, filtered, and
concentrated under reduced pressure. The resulting residue, containing crude 117, was dissolved
in ethanol (15 mL) and was added dropwise to a suspension of lithium tri—fert—butoxyaluminum
hydride (3.86 g, 15.2 mmol) in ethanol (60 mL) at —78 °C. After stirring at the same temperature
for 30 min, the reaction mixture was allowed to warm to 0 °C and was quenched with 10 %
(w/v) aqueous citric acid (40 mL). The resulting mixture was carefully concentrated under
reduced pressure and then extracted with EtOAc (3 x 50 mL). The organic layers were
combined and were washed with brine (2 x 50 mL), dried over anhydrous MgSQO,, filtered, and
concentrated in vacuo to give a 99:1 anti/syn crude mixture of diasterecomers. Flash
chromatography of the residue (from 0 to 9 % EtOAc in hexane) gave pure anti-135 (1.85 g, 78
%) as a colourless oil.

[0]*’p = +32.6 (¢ 1.0, CHCLy) [lit.”" [a]p = +32.2 (¢ 1.32, CHCl5)]. '"H NMR (400 MHz, CDCls)
6 5.85 (ddt, J=17.2, 10.2, 7.0 Hz, 1H), 5.23 (br d, J = 7.9 Hz, 1H), 5.19 — 5.06 (m, 2H), 3.98
(dd, /= 10.6, 2.9 Hz, 1H), 3.84 — 3.76 (m, 1H), 3.76 — 3.67 (m, 1H), 3.60 — 3.48 (m, 1H), 3.02
(br s, 1H), 2.42 — 2.27 (m, 2H), 1.45 (s, 9H), 0.90 (s, 9H), 0.08 (s, 6H). °C NMR (101 MHz,
CDCl;) 6 155.8, 134.7, 117.9, 79.6, 73.0, 63.4, 53.8, 39.5, 28.5, 26.0, 18.3, —5.5, —=5.5. HRMS
calcd. for C7H;3;5NO4NaSi ([M + Na]+): 368.2233, found: 368.2235.
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tert-butyl ((28,3R,E)-1—((tert-butyldimethylsilyl)oxy)-3—hydroxy—7-((2—oxo-2H—
chromen—7-yl)oxy)hept—5—en—2—yl)carbamate (141)

Compound 141 (93:7 E/Z mixture, colourless oil, 865 mg, 66 %) was obtained from 135 (868
mg, 2.51 mmol), 115" (2.03 g, 10.1 mmol) and Grubbs catalyst 2™ generation (64 mg, 0.08
mmol), according to general procedure 1. The title compound was purified by flash
chromatography on silica gel (from 0 to 27 % EtOAc in hexane). Pure F—alkene was obtained
after purification of the diastereomeric mixture by flash chromatography using the same
gradient.

[0]*’p = +16.5 (¢ 1.0, CHCl3). "H NMR (400 MHz, CDCls) & 7.62 (d, J = 9.5 Hz, 1H), 7.36 (d, J
= 8.5 Hz, 1H), 6.87 — 6.78 (m, 2H), 6.24 (d, J = 9.5 Hz, 1H), 6.00 — 5.90 (m, 1H), 5.80 (dt, J =
15.5, 5.8 Hz, 1H), 5.22 (br d, J = 8.3 Hz, 1H), 4.55 (d, J = 5.8 Hz, 2H), 3.97 (dd, J = 10.6, 2.9
Hz, 1H), 3.85 — 3.69 (m, 2H), 3.60 — 3.49 (m, 2H), 3.14 (br s, 1H), 2.46 — 2.32 (m, 2H), 1.45 (s,
9H), 0.90 (s, 9H), 0.08 (s, 6H). °C NMR (101 MHz, CDCl;) & 161.9, 161.3, 155.9, 155.8,
143.5, 132.1, 128.9, 126.9, 113.2, 113.1, 112.7, 101.8, 79.7, 73.1, 69.1, 63.4, 53.9, 37.9, 28.5,
25.9, 18.3, 5.5, —5.5. HRMS calcd. for C»;H4;NO;NaSi ([M + Na]'): 542.2550, found:
542.2556.

tert-butyl  ((2S,3R,E)-1,3—dihydroxy—7—((2—ox0-2H—chromen—7-yl)oxy)hept—5—en—2—yl)
carbamate (143)

Diol 143 (colorless oil, 427 mg, 88 %) was obtained from 141 (620 mg, 1.19 mmol) and TBAF
(2.39 mL, 2.39 mmol), according to general procedure 4.

[a]*’p = +4.5 (¢ 1.0, CHCl;). '"H NMR (400 MHz, CDCl5) & 7.63 (d, J= 9.5 Hz, 1H), 7.37 (d, J
= 8.5 Hz, 1H), 6.87 — 6.78 (m, 2H), 6.25 (d, J = 9.5 Hz, 1H), 5.99 — 5.88 (m, 1H), 5.83 (dt, J =
15.5,5.5 Hz, 1H), 5.31 (br d, J = 10.4 Hz, 1H), 4.56 (d, J= 5.6 Hz, 2H), 4.01 (dd, J=11.4,3.4
Hz, 1H), 3.92 — 3.83 (m, 1H), 3.77 (dd, J = 11.4, 3.4 Hz, 1H), 3.61 — 3.50 (m, 1H), 2.46 — 2.33
(m, 3H), 1.45 (s, 9H). "C NMR (101 MHz, CDCl3) & 161.9, 161.5, 156.2, 155.8, 143.7, 131.7,
128.9, 127.4, 113.3, 113.1, 112.7, 101.8, 80.0, 72.9, 69.0, 62.5, 54.8, 37.5, 28.5. HRMS calcd.
for C;;H,7NO7Na ([M + Na]+): 428.1685, found: 428.1682.

tert-butyl ((25,3R,E)-1—((dimethoxyphosphoryl)oxy)-3—hydroxy—7—((2—oxo-2H—
chromen—7-yl)oxy)hept—5—en—2—yl)carbamate (144)

Compound 144 (colorless oil, 232 mg, 78 %) was obtained from alcohol 143 (236 mg, 0.58
mmol), N—methylimidazole (70 pL, 0.87 mmol) and dimethyl chlorophosphate (75 uL, 0.70
mmol), according to general procedure 2. The title compound was purified by flash
chromatography on silica gel (from 0 to100 % EtOAc in hexane).

[a]*’p = +14.1 (¢ 1.0, CHCl3). "H NMR (400 MHz, CDCls) & 7.63 (d, J = 9.5 Hz, 1H), 7.36 (d, J
= 8.5 Hz, 1H), 6.87 — 6.78 (m, 2H), 6.24 (d, J = 9.5 Hz, 1H), 6.02 — 5.91 (m, 1H), 5.82 (dt, J =
15.5, 5.8 Hz, 1H), 5.05 (br d, J = 8.1 Hz, 1H), 4.56 (d, J= 5.7 Hz, 2H), 4.50 — 4.41 (m, 1H),
4.15-4.05 (m, 1H), 3.81 (d, J= 3.4 Hz, 3H), 3.78 (d, /= 3.4 Hz, 3H), 3.71 (br s, 2H), 3.34 (br
s, 1H), 2.53 — 2.40 (m, 1H), 2.31 (dt, J = 14.1, 6.9 Hz, 1H), 1.44 (s, 9H). °C NMR (101 MHz,
CDCl;) 6 161.9, 161.3, 155.9, 155.6, 143.6, 131.9, 128.9, 127.3, 113.2, 113.2, 112.7, 101.8,
80.1, 70.1, 69.1, 67.0 (d, Jcp = 5.7 Hz), 54.8 (d, Jcp = 6.0 Hz), 54.8 (d, Jcp = 6.0 Hz), 54.7 (br
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d, Jep = 5.4 Hz), 36.8, 28.5. *'P NMR (162 MHz, CDCl;) & 2.96. HRMS calcd. for
Cy3H3NOgNaP ([M + Na]+): 536.1662, found: 536.1660.

(28,3R,E)-2—ammonio—3—hydroxy—7—((2—oxo—2H—chromen—7-yl)oxy)hept—5—en—1-yl
hydrogen phosphate (RBM148)

Compound RBM148 (white solid, 45 mg, 82 %) was obtained from dimethyl phosphate 144 (73
mg, 0.14 mmol) and TMSBr (94 uL, 0.71 mmol), according to general procedure 3. The title
compound was purified as described above for RBM77.

[a]*’p = +4.2 (¢ 1.0, DMSO). 'H NMR (400 MHz, CD;0D) & 7.89 (d, J = 9.5 Hz, 1H), 7.54 (d,
J=8.5Hz, 1H), 6.98 — 6.90 (m, 2H), 6.25 (d, /= 9.5 Hz, 1H), 6.01 — 5.84 (m, 2H), 4.65 (d, J =
4.9 Hz, 2H), 4.18 (ddd, /= 10.8, 6.9, 3.7 Hz, 1H), 4.08 (dt, J=11.5, 7.9 Hz, 1H), 3.88 (dt, J =
9.4, 4.8 Hz, 1H), 3.39 (dt, J = 8.2, 3.9 Hz, 1H), 2.45 — 2.29 (m, 2H). °C NMR (101 MHz,
DMSO-d¢) 6 161.4, 160.3, 155.3, 144.3, 131.7, 129.5, 126.6, 112.8, 112.4, 112.3, 101.4, 68.8,
68.1, 61.4 (d, Jcp = 5.7 Hz), 55.8 (d, Jop = 3.4 Hz), 35.6. *'P NMR (162 MHz, DMSO-dq) &
2.08. HRMS calcd. for C;sH, NOgP ([M + H]+): 386.1005, found: 386.0994.

In vitro assays using recombinant hS1PL

hS1PL (50 pL from stock solutions in a 100 mM HEPES buffer pH 7.4, containing 0.1 mM
EDTA, 0.05 % Triton X-100, 0.01 % Pluronic F127 (Biotium), and 100 uM PLP, final
concentration: 0.8 pg/mL) was added to a mixture of RBM77 (final concentration: 125 M) and
putative inhibitors (at the indicated concentrations) in the same buffer solution (final volume:
100 pL). The mixture was incubated at 37 °C for 1 h and the enzymatic reaction was stopped by
the addition of 100 uL of KOH/EtOH (100 mM). After incubation at 37 °C for 20 min, the
resulting mixture was treated with 50 uL of a 200 mM glycine—NaOH buffer, pH 10.6, and the
amount of umbelliferone formed was determined on either a SpectraMax M5 (Molecular
Devices) or Synergy 2 (BioTek) microplate readers (Aexem = 355/460 nm), using a calibration
curve. Using the RBM148 as a substrate hS1PL (50 uL from stock solutions in a 100 mM
HEPES buffer pH 7.4, containing 0.1 mM EDTA, 0.05 % Triton X-100, 0.01 % Pluronic F127
(Biotium), and 100 uM PLP, final concentration: 0.8 pg/mL) was added to a mixture of
RBM148 (final concentration: 125 uM) and putative inhibitors (at the indicated concentrations)
in the same buffer solution (final volume: 100 puL). The mixture was incubated at 37 °C for 1 h
and the enzymatic reaction was stopped by the addition of 50 pL. of MeOH. Finally, 100 uL of a
200 mM glycine—NaOH buffer, pH 10.6, were added to the resulting solution and the mixture
was incubated for 20 additional min at 37 °C in order to complete the f—elimination reaction.

The amount of umbelliferone formed was determined as described for RBM77 (see above).

Viax and Ky values were determined by measuring initial velocities at different substrate
concentrations and fitting the data to the Michaelis—Menten equation in Prism 5 (GraphPad
Software, La Jolla). ICsy values were determined by plotting percent activity versus log [I] and
fitting the data to the log(inhibitor) vs. response equation in Prism 5 (GraphPad Software, La

Jolla). In both cases, settings for curve adjustments were kept with their default values.
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Cell assays

Dulbecco’s modified Eagle’s medium, fetal bovine serum, penicillin/streptomycin solution,
Hank’s balanced salt solution were from Sigma. Opti-MEM and Lipofectamine 2000° were
from Invitrogen. N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulfate
(DOTAP) and Lipoid S-100, whose main component (>94%) is soybean phosphatidylcholine,
were from Lipoid GmbH. pCMV6 vector harboring the mouse Sgp// gene was from OriGene.

Human embryonic kidney cells HEK293T and mouse embryo fibroblasts MEF were cultured at
37°C in 5% CO, in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine

serum and 100 ng/mL each of penicillin and streptomycin.

Overexpression of Sgpl1

24 h before transfection, HEK29T cells were plated in 12-well plates (3x10° cells per well).
Then cells were transfected with 1 pg/well of pPCMV6 vector harbouring the mouse Sgp// gene
using opti-MEM and Lipofectamine 2000, following the manufacturer’s instructions. Test

compounds were added 48 h after transfection.

Cell lysates

Cell pellets were resuspended in the appropriate volume of a 25 uM Na; VO, solution in 0.2 M
phosphate buffer (pH 7.4). The suspension was submitted to three cycles of a 5 s sonication
(probe) at 10 watts/5 s resting on ice. The cell lysate was centrifuged at 600 g for 5 min. The

supernatant was collected and protein concentration was determined as specified below.

Protein concentration determination
Protein concentrations were determined with BSA as a standard using a BCA protein

determination kit (Thermo Scientific) according to the manufacturer’s instructions.

Liposome preparations

Cationic liposomes were formulated as a 1:1 mixture of phosphatydilcholine and DOTAP at 3.5
mM total lipid concentration. The lipids were dissolved and mixed in chloroform. Once the
lipids were mixed in the organic solvent, the solvent was removed by rotary evaporation
yielding a thin lipid film on the sides of a round bottom flask. The lipid film was thoroughly
dried to remove residual organic solvent by placing the flask on a vacuum pump overnight. The
film was hydrated with 1 or 2 mM HBSS solutions of the probes. Three dilutions of liposomes
were made in each case to give final total lipid concentrations of 350 uM, 700 uM and 1000
uM, containing probe concentrations of 100 pM, 200 uM and 290 uM, respectively (from the
initial 1 mM probe solution), and 200 uM, 400 uM and 580 uM, respectively (from the initial 2
mM probe solution). The lipid suspension was then placed on a rotatory evaporation system
without vacuum and kept turning in warm water with gentle agitation. The product of hydration
is a dispersion of large vesicles but with cycles of 5 min sonication smaller liposomes were

obtained.
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Cell viability

Cell viability was determined by cell counting. MEF SGPLI1
plates at a density of 2x10° cells per well and HEK293T cells were used after 48 h of SgplI
transfection. Cells were exposed to different empty liposomes dilutions for 3h. At the end of the
treatment, cells were washed with 200 pL PBS and harvested with 200 puL Trypsin-EDTA and

300 pL of medium. Cells were counted using a Neubauer chamber (see Figure S7)

"+ cells were seeded in 12-well

Measurement of liposomes size distribution
The average size and size distribution of liposomes were measured by dynamic light scattering
(DLS) using a Zetasizer Nano ZS (Malvern Instruments). The measurements by DLS were

performed at room temperature (see Figure S5).

Determination of encapsulation efficiency

The encapsulation efficiency (EE) of liposomes was determined referring to the following
equation EE (%) = (T-F) x 100/T, where T is the total probe and F is the free probe amount.
Separation of liposome-incorporated and free probe was accomplished by centrifugal
ultrafiltration. Liposomal suspension containing encapsulated probes as well as free probes were
loaded into Amicon 3K (Millipore) centrifuge ultrafiltration units and centrifuged at 21°C for 30
min at 4500 g. An aliquot from total preparation before centrifugation and from the filtrate
(after centrifugation) were collected and analyzed by UPLC-MS and the amount of RBM148
and its dephosphorylated derivate was quantified (see Figure S6)

S1PL activity

S1PL activity determination in cell lysates was done in 96-well plates at a final volume of 100
uL/well. The reaction mixture contained per well 100 pg of cell lysate, 125 uM of substrate (5
uL/well from 2.5 mM stock solution), 250 uM of PLP (5 pL/well from 5 mM stock solution)
and up to 100 uL of phosphate buffer. The reaction mixture was incubated at 37°C for 1 h. The
enzymatic reaction was stopped with 50 plL/well of methanol and then 100 uL of 200 mM
glycine-NaOH buffer (pH 10.6) were added. After incubation at 37°C for 20 min in the dark,
fluorescence was measured spectrophotometrically on a SpectraMax M5 (Molecular Devices) at
excitation and emission wavelengths of 355 and 460 nm, respectively. The same reaction
mixture without cell lysate was used as blank. Using the RBM77 as a substrate, the reaction was
stopped with 100 pL/well of 100 mM KOH-MeOH solution and the plate was incubated at 37°C
for 30 min in the dark. Then 50 uL of 200 mM glycine-NaOH buffer (pH 10.6) were added and

the fluorescence were measured at the same wavelenghts.

To determine SI1PL activity in intact cells, 2-3x10° cells per well were seeded in a 12-well plate.
MEF cells were incubated for 24 h at 37°C and 5% CO,. HEK293T cells were transfected with
the Sgpll encoded plasmid as mentioned above. Medium was replaced by 300 pL of HBSS to
which the required volume of a 3.5 mM stock solution of the probe liposomes had been added
to obtain the desired probe concentration. The plate was incubated for 3 h at 37°C and 5% CO,.
The reaction was stopped with 250 pL/well of methanol and then 500 uL of 200 mM glycine-
NaOH buffer (pH 10.6) were added. After incubation at 37°C for 30 min in the dark,
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fluorescence was measured spectrophotometrically on a SpectraMax M5 (Molecular Devices) at

excitation and emission wavelengths of 355 and 460 nm, respectively. The same reaction

mixture without cells was used as blank.
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Synthesis of aldehyde 83
O
OCoum @ b J\/\/\
XN e HO/WOC0um — H Z OCoum
69 81 83

Scheme S1. Reagents and conditions: (a) allyl alcohol, Grubbs cat. ond gen., CH,Cl,, reflux (33 %, dr = 85:15 E/Z).
(b) DMP, CH,Cl,, 0 °C to rt (64 %).

(E)-7-((5-hydroxypent—-3—en—1-yl)oxy)-2H—chromen—2—one (81)

Compound 81 (inseparable 85:15 E/Z mixture, brownish oil, 114 mg, 33 %) was obtained from
69' (300 mg, 1.39 mmol), allyl alcohol (377 pL, 5.55 mmol) and Grubbs catalyst 2™ generation
(35 mg, 42.0 pmol), according to general procedure 1 (see main text). The title compound was
obtained in 33% yield after flash chromatography (from 0 to 1.5 % MeOH in CH,Cl,).

'H NMR (400 MHz, CDCl;, major isomer) & 7.63 (d, J = 9.5 Hz, 1H), 7.36 (d, J = 8.6 Hz, 1H),
6.86 — 6.76 (m, 2H), 6.24 (d, J = 9.5 Hz, 1H), 5.87 — 5.74 (m, 2H), 4.15 (br s, 2H), 4.06 (t, J =
6.6 Hz, 2H), 2.66 — 2.52 (m, 2H). °C NMR (101 MHz, CDCls, major isomer) & 162.2, 161.4,
156.0, 143.6, 132.2, 128.9, 127.6, 113.2, 113.1, 112.7, 101.5, 68.0, 63.5, 32.0. HRMS calcd. for
C14H504 ([M + H]"): 247.0970, found: 247.0961.

(E)-5-((2—0x0-2H—chromen—7-yl)oxy)pent—2—enal (83)

Dess—Martin periodinane (530 mg, 1.25 mmol) was added to a solution of allylic alcohol 81
(205 mg, 0.83 mmol) in CH,Cl, (4 mL) at 0°C. After stirring for 2 h at rt, the reaction mixture
was filtered through a plug of Celite and the filtrate was evaporated to dryness. The residue was
purified by flash chromatography (from 0 to 50 % EtOAc in hexane) to afford aldehyde 83 (130
mg, 64 %) as a white solid. Late—eluting fractions were independently collected to give a 95:5
E:Z mixture of 83, from which the following data were acquired.

'H NMR (400 MHz, CDCl;, major isomer) & 9.57 (d, J = 7.8 Hz, 1H), 7.64 (d, J = 9.5 Hz, 1H),
7.39 (d, J = 8.5 Hz, 1H), 6.93 (dt, J= 15.7, 6.7 Hz, 1H), 6.88 — 6.78 (m, 2H), 6.31 — 6.21 (m,
2H), 4.20 (t, J= 6.1 Hz, 2H), 2.91 — 2.83 (m, 2H). ’C NMR (101 MHz, CDCl;, major isomer) 3
193.7, 161.7, 161.2, 156.0, 153.0, 143.4, 134.9, 129.0, 113.6, 113.0, 101.5, 66.2, 32.3. HRMS
calcd. for C4H 304 ([M + H]+): 245.0814, found: 245.0810.

Configurational assignment of 72 and 135 through the MPA esters 73 and 137

Ph
a 0.15

72 2 » 0417 o)
‘l - /0.22
TBSO (RN 031

.0.37 NHBoc

-0.21 -0.18
73-R ((R)-(-)-MPA)
73-S ((S)-(+)-MPA)

Scheme S2. Reagents and conditions: (a) (R)-(-)- or (S)-(+)-MPA, EDC, DMAP, CH,Cl,, 0 °C to rt.(64 % for 73-R;
82 % for 73-S; 36 % for 137-R; 68 % for 137-S).
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Synthesis of MPA esters.

DMAP (1.1 equiv/mol) was added portionwise at 0 °C to a solution of the starting alcohol (0.2
mmol) in CH,Cl, (2 mL) containing (R)—(—)— or (S)—(+)-MPA (1.6 equiv/mol) and EDC (1.5
equiv/mol). After stirring for 6 h at rt, the reaction mixture was washed with saturated aq.
NaHCOs; (2 x 2 mL) and the organic phase was separated, dried over anhydrous MgSQy, filtered
and evaporated to dryness. The resulting residue was flash chromatographed on silica gel (from

0 to 8 % EtOAc in hexane) to give the corresponding MPA esters

(R)—(-)-MPA ester of alcohol 72 (73-R)

Compound 73-R (colorless oil, 52 mg, 64 %) was obtained from 72 (56 mg, 0.17 mmol), (R)—(—
»MPA (45 mg, 0.27 mmol), EDC (49 mg, 0.25 mmol) and DMAP (23 mg, 0.19 mmol),
according to the above procedure.

'H NMR (400 MHz, CDCls)  7.46 — 7.40 (m, 2H), 7.40 — 7.29 (m, 3H), 5.82 (ddd, J = 17.3,
10.5, 6.8 Hz, 1H), 5.37 — 5.21 (m, 3H), 4.75 (s, 1H), 4.49 (br d, /= 9.4 Hz, 1H), 3.78 — 3.69 (m,
1H), 3.43 — 3.36 (m, 4H), 3.19 (dd, J = 10.3, 3.5 Hz, 1H), 1.40 (s, 9H), 0.81 (s, 9H), —0.10 (s,
3H), —0.13 (s, 3H). °C NMR (101 MHz, CDCl3) 8 169.4, 155.4, 136.4, 133.3, 128.9, 128.8,
127.3, 119.3, 82.6, 79.6, 74.2, 61.2, 57.5, 53.9, 28.5, 25.9, 18.3, 5.5, —5.6. HRMS calcd. for
CysH4oNOGSi ([M + H]): 480.2781, found: 480.2782.

(S)-(+)-MPA ester of alcohol 72 (73-S)

Compound 73-S (colorless oil, 72 mg, 82 %) was obtained from 72 (61 mg, 0.184 mmol), (S)-
(+)-MPA (49 mg, 0.29 mmol), EDC (53 mg, 0.28 mmol) and DMAP (25 mg, 0.20 mmol),
according to the above procedure.

'H NMR (400 MHz, CDCls) & 7.45 — 7.39 (m, 2H), 7.38 — 7.29 (m, 3H), 5.68 (ddd, J = 17.1,
10.7, 6.3 Hz, 1H), 5.39 (t, /= 6.5 Hz, 1H), 5.07 (d, /= 10.7 Hz, 1H), 4.95 (d, /= 17.2 Hz, 1H),
4.77 (s, 1H), 4.67 (br d, J = 9.4 Hz, 1H), 3.95 — 3.84 (m, 1H), 3.62 (dd, J= 10.3, 3.5 Hz, 1H),
3.55 (dd, J=10.3, 4.6 Hz, 1H), 3.43 (s, 3H), 1.43 (s, 9H), 0.87 (s, 9H), 0.00 (s, 3H), —0.01 (s,
3H). °C NMR (101 MHz, CDCl;) & 169.4, 155.5, 136.3, 132.5, 128.8, 128.7, 127.3, 118.9,
82.7, 79.6, 74.1, 61.8, 57.6, 53.7, 28.5, 25.9, 18.3, —5.4, —5.5. HRMS calcd. for C,sH4,NOgSi
([M + H]"): 480.2781, found: 480.2762.

(R)—(-)-MPA ester of alcohol 135 (137-R)

Compound 137-R (yellow oil, 38 mg, 36 %) was obtained from 135 (75 mg, 0.22 mmol), (R)-
(-)>-MPA (58 mg, 0.35 mmol), EDC (62 mg, 0.33 mmol) and DMAP (29 mg, 0.24 mmol),
according to the above procedure.

'H NMR (400 MHz, CDCl;) & 7.45 — 7.38 (m, 2H), 7.38 — 7.28 (m, 3H), 5.83 — 5.69 (m, 1H),
5.09 —4.98 (m, 3H), 4.70 (s, 1H), 4.53 (br d, J = 9.5 Hz, 1H), 3.73 — 3.63 (m, 1H), 3.40 (s, 3H),
3.31(dd, J=10.3, 3.7 Hz, 1H), 3.06 (dd, /= 10.4, 3.5 Hz, 1H), 2.55 — 2.45 (m, 1H), 2.38 — 2.28
(m, 1H), 1.41 (s, 9H), 0.81 (s, 9H), —0.12 (s, 3H), —0.15 (s, 3H). °C NMR (101 MHz, CDCl;) &
169.7, 155.5, 136.5, 133.6, 128.9, 128.8, 127.3, 118.1, 82.6, 79.6, 72.5, 61.3, 57.5, 53.5, 36.0,
28.5, 25.9, 18.3, —5.5, —5.6. HRMS calcd. for C,H4NO4Si ([M + H]"): 494.2938, found:
494.2926.
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(S)-(+)-MPA ester of alcohol 135 (137-S)

Compound 137-S (yellow oil, 73 mg, 68 %) was obtained from 135 (75 mg, 0.22 mmol), (S)-
(+)-MPA (58 mg, 0.35 mmol), EDC (62 mg, 0.33 mmol) and DMAP (29 mg, 0.24 mmol),
according to the above procedure.

'H NMR (400 MHz, CDCl;) & 7.45 — 7.37 (m, 2H), 7.37 — 7.28 (m, 3H), 5.43 (ddt, J = 17.0,
10.2, 7.2 Hz, 1H), 5.01 (td, J= 7.5, 4.0 Hz, 1H), 4.81 — 4.65 (m, 4H), 3.89 — 3.79 (m, 1H), 3.57
(d, J=3.6 Hz, 2H), 3.42 (s, 3H), 2.40 — 2.31 (m, 1H), 2.26 — 2.16 (m, 1H), 1.44 (s, 9H), 0.87 (s,
9H), 0.01 (s, 3H), —0.01 (s, 3H). °C NMR (101 MHz, CDCl3) § 170.0, 155.5, 136.4, 132.9,
128.8, 128.6, 127.4, 118.0, 82.8, 79.7, 73.1, 61.8, 57.6, 53.2, 35.4, 28.5, 26.0, 18.3, -5.4, -5.5.
HRMS calcd. for CpsH44NOgSi ([M + H]+): 494.2938, found: 494.2933.

Attempts to synthesize aldehyde 83b

/\/OCoum g
115
RO "X T» ROWOCoum +> 83b
E(R=H) c 118 (R = TBDPS)
116 (R = TBDPS) 134 (R=H)

Scheme S3. Reagents and conditions: (a) TBDPSCI, imidazole, DMF, rt (quant. yield). (b) 115, Grubbs cat. 2™ gen.,
CH,Cl,, reflux (58 %, dr =91:9 E/Z). (¢c) TBAF, THF, 0 °C to rt (96 %). (d) DMP, CH,Cl,, 0 °C to rt.

(But-3—en—1-yloxy)(tert—butyl)diphenylsilane (116)

A solution of 3—buten—1-ol (500 mg, 6.93 mmol) in DMF (10 mL) was treated successively
with imidazole (1.04 g, 15.3 mmol) and TBDPSCI (1.98 mL, 7.63 mmol). The resulting mixture
was stirred overnight at rt, diluted with Et,O (10 mL) and poured into 1 M aqueous HCI (10
mL). The mixture was extracted with Et,0O (3 x 10 mL) and the combined organic layers were
washed with brine (2 x 15 mL), dried over anhydrous MgSQy,, filtered and evaporated in vacuo.
Flash chromatography of the residue (from 0 to 1 % EtOAc in hexane) gave 116 (2.17 g, quant.
yield) as a colorless oil.

'H NMR (400 MHz, CDCl;) & 7.72 — 7.64 (m, 4H), 7.46 — 7.33 (m, 6H), 5.83 (ddt, J = 17.1,
10.2, 6.9 Hz, 1H), 5.09 — 4.99 (m, 2H), 3.71 (t, J = 6.7 Hz, 2H), 2.32 (qt, J = 6.8, 1.3 Hz, 2H),
1.05 (s, 9H). °C NMR (101 MHz, CDCls) & 135.7, 135.6, 134.1, 129.7, 127.7, 116.5, 63.7,
37.4,27.0, 19.4. HRMS calcd. for C5H,;08Si ([M + H]"): 311.1831, found: 311.1834.

(E)-7-((5—((tert—butyldiphenylsilyl)oxy)pent—2—en—1-yl)oxy)-2 H—chromen—2—one (118)
Compound 118 (inseparable 91:9 E/Z mixture, colourless oil, 347 mg, 58 %) was obtained from
115 (250 mg, 1.24 mmol), 116 (1.54 g, 4.95 mmol and Grubbs catalyst 2™ generation (32 mg,
0.04 mmol), according to general procedure 1 (see main text). The title compound was purified
by flash chromatography on silica gel (from 0 to 16 % EtOAc in hexane). Late—eluting fractions
were independently collected to give a 94:6 E:Z mixture of 118, from which the following data
were acquired.

'H NMR (400 MHz, CDCls;, major isomer) & 7.69 — 7.60 (m, 4H), 7.46 — 7.32 (m, 6H), 6.86 —
6.76 (m, 2H), 6.25 (d, J=9.5 Hz, 1H), 5.93 — 5.82 (m, 1H), 5.73 (dt, J=15.5, 5.9 Hz, 1H), 4.51
(d, J= 5.8 Hz, 2H), 3.74 (t, J = 6.5 Hz, 2H), 2.42 — 2.31 (m, 2H), 1.04 (s, 9H). °C NMR (101
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MHz, CDCl;, major isomer) & 162.0, 161.4, 156.0, 143.5, 135.7, 134.0, 133.1, 129.8, 128.9,
127.8, 125.8, 113.2, 112.7, 101.8, 69.3, 63.3, 35.8, 27.0, 19.4. HRMS calcd. for C;,H;,04NaSi
(IM + Na]"): 507.1968, found: 507.1972.

(E)-7-((5-hydroxypent—2—en—1-yl)oxy)-2 H—chromen—2—one (134)

To an ice cooled solution of 118 (175 mg, 0.36 mmol) in THF (3.5 mL) was added dropwise
TBAF (1 M in THF, 722 uL, 0.72 mmol). After completion of addition the ice bath was
removed and the mixture was stirred for 2 h at rt. The reaction was then quenched with saturated
aqueous NH4CI (5 mL) and the resulting mixture was extracted with Et;,0 (3 x 10 mL). The
combined organic layers were washed with brine (2 x 15 mL), dried over anhydrous MgSQy,,
filtered, and evaporated to give the crude product. Purification by flash chromatography on
silica gel (from 0 to 70 % EtOAc in hexane) afforded homoallylic alcohol 134 (85 mg, 96 %) as
a colourless oil. Late—eluting fractions were independently collected to give a 98:2 E:Z mixture
of 134, from which the following data were acquired.

'H NMR (400 MHz, CDCl;, major isomer) & 7.63 (d, J = 9.5 Hz, 1H), 7.36 (d, J = 8.5 Hz, 1H),
6.88 — 6.78 (m, 2H), 6.24 (d, J = 9.5 Hz, 1H), 5.95 — 5.86 (m, 1H), 5.81 (dt, J = 15.5, 5.6 Hz,
1H), 4.55 (dd, J= 5.5, 0.7 Hz, 2H), 3.72 (t, J = 6.3 Hz, 2H), 2.46 — 2.35 (m, 2H), 1.61 (s, 1H).
C NMR (101 MHz, CDCls, major isomer) & 161.9, 161.4, 155.8, 143.6, 132.4, 128.9, 126.5,
113.2, 113.0, 112.6, 101.7, 69.1, 61.7, 35.7. HRMS caled. for C;H;O;Na ([M + Na]"):
269.0790, found: 269.0785.

Computational Methods

General data

All the molecular modelling was carried out with the package Schrédinger Suite 2016, through
its graphical interface Maestro.® The program Macromodel’ with the OPLS3 force-field,’ a
modified version of the OPLS-AA force-field,”® and GB/SA water solvation conditions’ were
used for energy minimization. Molecular dynamics simulations were performed with the

program Desmond '*"* using the OPLS3 force-field.

Coordinates of hSIPL (PDB code 4Q6R)* were obtained from the Protein Data Bank'* at
Brookhaven National Laboratory. The protein X-ray structure was prepared using the Protein
Preparation Wizard'™'® included in Maestro to remove solvent molecules, ligands and ions,
adding hydrogens, setting protonation states'’ and minimizing the energies. To model the
aldimines, the imine bond between the essential Lys353 and the PLP cofactor was cleaved and
structures 20a—c¢ were manually built on the resulting PLP moiety. The structures were then
minimized considering the 3-hydroxypyridine and imino groups of the aldimine-bound PLP
prosthetic group in their ionized state. From these, simulation systems for molecular dynamics
were built using the System Builder of the Maestro-Desmond interface,'® which automatically
assigns parameters to all atom. Each protein-aldimine complex was immersed in a 120 x 120 x
120 A cubic box of TIP3P water with enough CI” anions to achieve neutrality (~52000 water
molecules, ~170000 atoms in total). Systems were relaxed by minimization (initial steepest

descent followed by LBFGS minimization), first with the solute restrained and then without

104 | RESULTATS



restrains, until a gradient threshold of 0.1 kcal mol' A" was reached. Then, they were heated
stepwise up to 300 K with short MD runs under periodic boundary conditions (PBC) (25 ps at
0.1, 10, 100 and 300 K), and equilibrated for 2 ns at the same temperature and 1.0 bar, in the
NPT ensemble.
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Figure S1: (A) Snapshots from the 50 ns MD simulation of the complex between aldimine 20a (orange) and hS1PL
(gray, residues forming a hydrophobic patch close to the PLP-binding site are highlighted in green). (B) RMSD plot
and time dependence of the number of hydrogen bond interactions between the C3-OH of aldimine 20a and the rest
of the protein (black), the PLP phosphate group (red), His242 (blue) or Tyr387 (green).

Production MD simulations (50 ns, 2 fs timestep) were performed under the same conditions
(PBC, NPT ensemble, 300 K and 1.0 bar) using the Nose-Hoover thermostat method'”’ with a
relaxation time of 1.0 ps and the Martyna-Tobias-Klein barostat method®' with isotropic
coupling and a relaxation time of 2 ps. Integration was carried out with the RESPA integrator™
using time steps of 2.0, 2.0, and 6.0 fs for the bonded, short range and long range interactions,
respectively. A cut-off of 9.0 A was applied to van der Waals and short-range electrostatic
interactions, while long-range electrostatic interactions were computed using the smooth
particle mesh Ewald method with an Ewald tolerance of 10”.*** Bond lengths to hydrogen
atoms were constrained using the Shake algorithm.** Coordinates were saved every 50 ps, hence
1000 snapshots were obtained from each MD run. The Simulation Event Analysis application

included in the Desmond-Maestro interface was used to analyze the trajectories.
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Figure S2: (A) Snapshots from the 50 ns MD simulation of the complex between aldimine 20b (orange) and hS1PL
(gray, residues forming a hydrophobic patch close to the PLP-binding site are highlighted in green). (B) RMSD plot
and time dependence of the number of hydrogen bond interactions between the C3-OH of aldimine 20b and the rest
of the protein (black), the PLP phosphate group (red), His242 (blue) or Tyr387 (green).
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Figure S3. Optimization of the conditions for the base—mediated release of umbelliferone. A 5 pM solution of either
83 or umbelliferone in a 100 mM HEPES buffer, pH 7.4, containing 0.1 mM EDTA, 0.05 % Triton X-100, 0.01 %
Pluronic F127 (Biotium), and 100 uM PLP (final volume: 100 pL) were successively treated with the corresponding
basic solution (at the indicated concentrations) and/or solvent and incubated at 37 °C for the indicated times before
fluorescence reading (Aexem = 355/460 nm). In all cases, umbelliferone and 83 were added from 100 pM stock
solutions in DMSO (5 uL). (A) Umbelliferone and 83 were treated with 50 pL of MeOH and 100 pL of a 200 mM
glycine/NaOH buffer solution (pH 10.6). (B) Umbelliferone was treated with 50 pL of MeOH and 100 pL of KOH in
EtOH (blue) or aq. NaOH (red) at the indicated concentrations. (C) Umbelliferone was treated with 50 uL of MeOH
and 100 uL of KOH in EtOH, at the indicated concentrations, incubated at 37 °C and read (—B) or treated with 100 pL.
of KOH in EtOH, incubated at 37 °C and further treated with 50 uL of a 200 mM glycine/NaOH buffer solution
immediately before reading (+B). (D) Aldehyde 83 was treated with 100 pL of KOH in EtOH at the indicated
concentrations, incubated at 37 °C for the indicated times and further treated with 50 uL of a 200 mM glycine/NaOH

buffer solution immediately before reading. Data are means = SD of one representative experiment with triplicates.
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Figure S4. Activity (% of control) of hS1PL (final concentration: 0.8 pg/mL) at graded concentrations of 3¢ using
RBM77 (A) or RBM148 (B) as substrate (final concentration: 125 uM). Data correspond to the mean = SD of one

representative experiment out of three performed with triplicates.
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Figure SS. Particle size distribution curves of liposome suspension analysed by intensity. (A) Size distribution curves
of different liposome formulation (empty and encapsulating RBM13, RBM77 and RBM148 probes) were measured
using a Zetasizer Nano ZS instrument. Curves correspond to one representative measurement. (B) Average diameters
of liposomes. Data are the mean + SD of three experiments with triplicates. There is no statistical difference in
diameters between liposome preparations: empty (145+40 nm), RBM13 (167+20 nm), RBM77 (147+9 nm) and
RBM148 (146+15 nm).
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Figure S6. Entrapment efficiency analysis of RBM148 encapsulated liposomes. Encapsulation efficiency of two
different RBM 148 liposomes composition was calculated. 3.5 mM (A) or 7 mM (B) of lipid both containing 2 mM of
RBM148. Each preparation was analyzed by UPLC-MS. Data are the mean + SD of three experiments with

duplicates.
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Figure S7. Effect of liposomes on cell viability. HEK293T cells overexpressing SIPL (A) and MEF SGPL1"* cells
(B) were incubated with empty liposomes for 3 h and cell viability was determined by cell counting. Dotted line
showed the maximum allowable liposome concentration (based on toxicity assay) for each cell line; L2000:

lipofectamine 2000 ®
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Due to the transfection agent (lipofectamine 2000™), HEK293T cells were more sensitive to
liposomes, reaching higher cytotoxicity levels. On the other hand, on MEF SGPL1"" cells, cell
viability was not affected up to a liposome concentration of 7 mM. This result was extrapolated
to other MEF cells used in this work (SGPL1"" and SGPL17).
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Figure S8. SIPL activity in intact cells using RBM13 encapsulated liposomes. S1PL-overexpressing HEK293T cells
were incubated for 3h with different dilutions of liposomes obtained from 1 mM (A) or 2 mM (B) RBM13 solution
and the amount (pmol) of released umbelliferone from RBM13 was measured. Non-encapsulated RBM13 at 200 uM
was also tested. Data are the average + SD of three experiments with duplicates.
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Figure S9. SIPL activity in intact cells using RBM77 encapsulated in liposomes. S1PL-overexpressing HEK293T
cells were incubated 48 h after transfection with different dilution of encapsulated liposomes obtained from 1 mM
(A) or 2 mM (B) RBM77 solution for 3 h and the amount (pmol) of released umbelliferone from RBM77 was

measured. Non-encapsulated RBM77 at 200 uM was also tested. Data are the average + SD of three experiments
with duplicates.
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Figure S10. S1PL inhibition by 3c in intact cells using encapsulated RBM148. S1PL-overexpressing HEK293T cells

were preincubated, 48 h after transfection, with graded concentrations of SIPL inhibitor 3¢ for 1 h. Next, cells were

incubated with encapsulated RBM148 at 580 puM for additional 3 h more and the amount (pmol) of released

umbelliferone from RBM 148 was measured. Data are the average + SD of two experiments with duplicates.
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RESULTATS ADDICIONALS CAPITOL 2
Eleccié del model cel-lular per I’estudi

Introduccié

La S1IPL és un enzim que s’expressa de manera ubiqua en diferents linies cel-lulars
perd que en condicions normals es troba poc expressada. Tenint en compte que
I'objectiu del capitol 2 recau en la quantificacid de I'activitat de la S1PL, va sorgir la
necessitat de trobar un model cellular on I'enzim es trobés expressat en nivells
adequats pel posterior analisi. Es va decidir sobreexpressar la SIPL en diferents
models cel-lulars i escollir la linia cel-lular on la transfeccié fos més exitosa. Es va
treballar amb la linia embrionaria HEK293T, la de glioma T98G i les cél-llules de
cancer de cervix Hela.

Métodes

Materials:

Juntament amb els materials descrits en l'article presentat en el capitol 2, es va
emprar el plasmid pCMV6 que codifica per la SIPL de ratoli (MC202842) adquirit a
OriGene (figura 27).

f1 ori,
: /CEMV promoter

5V40 ori., APLS primer

T7 promoter
_Sgfl

MR208957
(6.6 kb)

Ml

i 'XL39 primer
PolyA signal

Figura 27: Plasmid pCMV6 que codifica per la SIPL (representada en el plasmid com Sgpl 1)

Cultiu cel-lular:
Les linies cel-lulars HEK293T, T98G i HelLa es van cultivar a 37°C, 5% de CO, en medi
de cultiu DMEM amb un alt percentatge de glucosa i suplementat amb un 10% de

sérum fetal bovi i un 1% de penicil-lina i estreptomicina.
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Sobreexpressio de la STPL:

La transfeccié amb el plasmid pCMV6 que codifica per la SIPL de ratoli (figura 27) en
les linies cel-lulars HEK293T, T98G i HelLa es va realitzar seguint la metodologia
descrita en l'article presentat en el capitol 2.

Determinacié de 'activitat SIPL per UPLC-TOF:
L’analisi de l'activitat SIPL per cromatografia liquida d’ultra alta resolucié acoblada a

un espectrometre de masses tipus temps de vol (UPLC-TOF) es va realitzar en
cél-lules intactes transfectades per sobreexpressar I'enzim SIPL (metodologia
descrita en l'article del capitol 2). Després de 48 h del moment de la transfeccid es
va afegir en cada pou, on es trobaven les ceél-lules sembrades a una confluéncia del
80%, So 2 uM i es van incubar 30 min a 37°C, 5% de CO.. Es va aspirar el medi de
cultiu i es va fer un rentat amb 400 ul de PBS. Es va aspirar el PBS i es va afegir 400
ul de Tripsina-EDTA que es van neutralitzar més tard amb 600 ul de medi de cultiu.
La suspensid cellular es recolli i es va comptar el niumero de céllules amb un
comptador automatic Countess. Es va centrifugar la suspensié a 9300 g 3 min, es va
rentar el pellet amb 400 ul de PBS i es va torna a centrifugar a 9300 g 3 min. A
continuacié es va ressuspendre el pellet amb 100 ul de PBS 5% BSA i es va realitzar
I’extraccio lipidica en 700 pl d’una barreja ACN:MeOH:CHCIz en una proporcid 4:3:3.
Per tal que l'analisi fos quantitatiu, es va afegir un estandard intern de SaPC17 (10 ul
d’una solucié mare 20 uM). La mescla es va sonicar i centrifugar a 16000 g durant 5
min i es va recollir el sobrenedant. Finalment es va evaporar el sobrenedant,
ressuspendre el pellet en 150 ul de MeOH i analitzar la quantitat de S1P de I'extracte
per UPLC-TOF, seguint la metodologia descrita per Billich i col-laboradors?*,

Determinacid de 'activitat STPL en llisats cel-lulars:
La determinacioé de I'activitat STPL en llisats cel-lulars de HEK293T, T98G i HelLa es va
realitzar seguint la metodologia descrita en I'article del capitol 2.

Resultats

Les cél-lules HEK293T sobreexpressen la S1PL:

Per comprovar I'efectivitat de la transfeccid, es va analitzar I'activitat SIPL de manera
indirecta, quantificant la S1P formada en cel-lules a partir de So. Es va intentar
sobreexpressar la SIPL de manera transitoria en tres linies cel-lulars humanes, les
HEK293T, T98G i HelLa utilitzant la Lipofectamina 2000® com agent de transfeccio.
Tenint en compte els resultats presentats en la figura 28, només la linia cel-lular
HEK293T va ser transfectada amb éxit en les condicions utilitzades, ja que els nivells
de S1P en les cél-llules incubades amb el plasmid (S1PL) sén més baixos que en el
control (L2000).
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Figura 28: Determinacié de I'activitat STPL. Les cel-lules HEK293T, T98 i HelLa es van transfectar amb un
plasmid que codifica per la SIPL de ratoli utilitzant Lipofectamina 2000°. Després de 48 h de la
transfeccio, les cél-lules es van incubar amb So 2 uM durant 30 min. Una vegada feta I'extraccid lipidica, es
quantifiqguen els nivells de SIP per UPLC-TOF. Les dades corresponen a les mitjanes +£SD de dos
experiments amb triplicats. Els asteriscs indiguen una diferéncia significativa entre les mostres control
(L2000) i les cel-lules que sobreexpresen la SIPL (S1PL) (*P<0.01, prova t de Student de dues cues per

dades independents)

Es van confirmar els resultats mesurant l'activitat S1PL utilitzant RBM13 com a
substrat fluorogeéenic (figura 29). Com s’esperava, les cél-lules HEK293T transfectades
amb el plasmid que conté la S1PL de ratoli, van presentar més fluorescéncia que les
cél-lules on no s’ha sobreexpressat I'enzim. Tot i que les tres linies cellulars
estudiades van presentar més fluorescéncia, i per tant més activitat SIPL, que els
seus respectius controls, va ser amb les HEK293T on es van obtenir uns valors de
fluorescéncia més elevats. Corroborant aixi els resultats obtinguts amb la
determinacié de 'activitat SIPL per UPLC-TOF.
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Figura 29: Determinacid de l'activitat STPL. Les cél-lules HEK293T, T98 i HelLa es van transfectar amb un
plasmid que codifica per la SIPL de ratoli utilitzant Lipofectamina 2000°. Després de 48 h de la
transfeccio, es mesura l'activitat STPL en llisats cel-lulars utilitzant el RBM13 com a substrat fluorogénic. Les
dades corresponen a les mitjanes +SD de tres experiments amb triplicats. Els asteriscs indiquen una
diferéncia significativa entre les mostres control (L2000) i les cél-lules que sobreexpresen la STPL (S1PL)
(*P<0.05, **P<0.01, prova t de Student de dues cues per dades independents)
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RESULTATS ADDICIONALS CAPITOL 2
Validacié dels liposomes RBM148 en la recerca d’inhibidors de la STPL

Introduccié

La naturalesa polar dels compostos RBM13, RBM77 i RBM148 impedeix que puguin
travessar la membrana plasmatica cel-lular i, per tant, no és possible la seva aplicacid
com a substrats fluorogénics de la STPL en cél-lules intactes. Per evitar-ho, tal com es
mostra en I'article presentat en el capitol 2, es va decidir encapsular els compostos
en liposomes. Per comprovar la millora en la permeabilitat cel-lular es va analitzar per
UPLC-TOF els nivells del RBM148 a dins i fora de la cél-lula després d’una incubacio
amb els liposomes RBM148. L’objectiu principal dels substrats fluorogénics
encapsulats en liposomes presentats en aquest capitol 2, era poder determinar
I'activitat SIPL en cél-lules intactes, perdo també presentar una nova metodologia que
permeti el descobriment de nous inhibidors selectius. Per tal d’obtenir resultats
addicionals per a la validacido del nou procediment, es van provar dos nous
compostos (figura 30), el 89 i el 87, dissenyats com a possibles inhibidors de la S1PL.

89 87

OH OH

Q C
-P< N
N3 N3

Figura 30: Estructures quimiques dels possibles inhibidors de la STIPL 89 i 87

Materials i métodes

Materials:
Es van emprar els materials descrits en I'article presentat en el capitol 2.

Cultiu cel-lular:
Les linies cel-lulars HEK293T i MEF SGPL1"”" i SGPL1”" es van cultivar a 37°C, 5% de
CO;, en medi de cultiu DMEM amb un alt percentatge de glucosa i suplementat amb

un 10% de serum fetal bovi i un 1% de penicil-lina i estreptomicina.

Sobreexpressié de la S1PL:
La transfeccid amb el plasmid pCMVe6 (figura 27) en la linia cel-lular HEK293T es va
realitzar seguint la metodologia descrita en 'article presentat en el capitol 2.

Preparacio del substrat RBM148 encapsulat en liposomes catidnics:

La preparacid dels liposomes que encapsulen el substrat RBM148 es va realitzar
seguint la metodologia descrita en 'article presentat en el capitol 2.

Determinacid de 'activitat SIPL en cél-lules intactes:

La determinacié de l'activitat SIPL en cél-lules intactes es va realitzar seguint la
metodologia descrita en I'article presentat en el capitol 2. Els possibles inhibidors de
la SIPL 89 i 87 s’addicionen juntament amb el RBM148 encapsulat en liposomes.
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Determinacid de la permeabilitat cel-lular al RBM148:

La quantificacié dels nivells del compost RBM148 es va realitzar per UPLC-TOF en
cél-lules HEK293T, préviament transfectades per sobreexpressar I’'enzim S1PL, i en els
fibroblast de ratoli SGPL1”* i SGPL1”". Les cél-lules sembrades en plaques de 12 pous
a una confluéncia del 80% es van incubar amb el RBM148 encapsulat en liposomes a
una concentracio final de 580 uM durant 3 h a 37°C amb 5% de CO,. Passat aquest
temps es van recollir 200 uL del medi de cultiu en un eppendorf, es van afegir 800 uL
de acetona freda i es va incubar tota la nit a 4°C. Es va centrifugar la mescla a 9300
g 3 min, i el sobrenedant es va evaporar amb corrent de N,. En el moment de 'analisi
es van afegir 150 uL de MeOH i es van passar a un vial de UPLC-TOF. Les cel-lules es
van rentar amb 400 ul de PBS. Es va aspirar el PBS i es va afegir 400 ul de Tripsina-
EDTA que es van neutralitzar més tard amb 600 ul de medi de cultiu. La suspensid
cel-lular es va recollir i es va comptar el niumero de cél-lules amb un comptador
automatic Countess. Es va centrifugar la suspensidé cel-lular a 9300 g 3 min, es va
rentar el pellet dues vegades amb 200 ul de PBS i es va torna a centrifugar a 9300 g
3 min. A continuacié es va ressuspendre el pellet amb 500 ul de MeOH i es va
incubar tota la nit a 48°C. Seguidament es va evaporar el solvent amb corrent de N,.
Es van afegir 150 uL de MeOH i es va centrifugar a 9300 g 3 min. En el moment de
I’analisi es van afegir 150 uL de MeOH i es van passar a un vial de UPLC-TOF. Les
mostres de medi i cel-lules es van analitzar per separat per UPLC-TOF.

Resultats

Els compostos 89 i 87 inhibeix la S1PL:

Els valors de ICso dels inhibidors 89 i 87 es va determinar ajustant la corba dosi
resposta a una equacio sigmoidal de pendent variable (figura 31). El valor ICso i el seu
interval de confianca del 95% del compost 89 és 95.39 uM (76.29 a 119.3). En el cas
del inhibidor 87, té una ICso de 183.30 uM (110.6 a 303.7).
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Figura 31: Determinacio de la inhibicié de la STIPL en cél-lules intactes utilitzant el RBM148 encapsulat en

** es van incubar amb un banc de dilucions dels compostos 89 i 87

liposomes. Les cél-lules SGPLI
juntament amb el substrat RBM148 encapsulat en liposomes a una concentracio final de 580 uM durant 3
h. Es van mesurar els pmols d’'umbel-liferona alliberats en la hidrolisi del substrat RBM148 per accié de la
STPL. Les dades corresponen a les mitjanes £SD de tres experiments amb duplicats. L’ajustament de les

corbes dosi resposta a una equacioé sigmoidal de pendent variable va permetre calcular els valors ICso.
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El RBM148 encapsulat en liposomes travessa la membrana cel-lular:

Amb l'objectiu d’investigar la permeabilitat de la membrana cel-lular als liposomes
RBM148, es va dur a terme la deteccid del substrat per UPLC-TOF (figura 32). Els
fibroblasts SGPL1"* i SGPL1” i les cél-lules HEK293T, després de ser transfectades
per sobreexpressar la SIPL, es van incubar amb els liposomes RBM148 durant 3 h.
Després de I’extraccid lipidica, es van quantificar els pmols de RBM148, la seva forma
desfosforilada RBM148 (-P) i la umbel-liferona. El medi (figura 32A) i les cél-lules
(figura 32B) de la mateixa mostra es van analitzar per separat. Paral-lelament es va
analitzar també una suspensid de liposomes RBM148 en HBSS (figura 32C). El
substrat encapsulat en els liposomes en HBSS va resultar ser estable, perd en la
incubacid amb les cél-lules, la major part del substrat es desfosforilava. Dins les
cél-lules es va detectar el compost RBM148, demostrant que la permeabilitzacié havia
tingut lloc. Es interessant destacar que els nivells d’umbelliferona detectats en les
mostres de medi van coincidir amb els resultats esperats. Els nivells més alts
d’'umbel-liferona corresponien a les cél-lules HEK293T que sobreexpressaven la S1PL.
A més amb les incubacions en les céllules SGPL1"*
mentre que en les incubacions amb les cel-lules SGPL1” no se’n detecta.

es va detectar umbel-liferona,
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Figura 32: Analisi de la permeabilitat cel-lular als liposomes RBM148 per UPLC-TOF. Les cél-lules HEK293T
que sobreexpressen la S1PL i els fibroblasts SGPL1"”* i SGPL1”" es van incubar amb els liposomes RBM148
TmM durant 3 h. Després d’'una extraccio lipidica de les mostres, es va analitzar els nivells de RBM148,
RBM148 (-P) i umbel-liferona en les mostres de medi (A) i cél-lules (B) per separat. C. Analisi de I'estabilitat
dels liposomes RBM148 en HBSS per UPLC-TOF. Les dades corresponen a les mitjanes +SD de dos
experiments amb triplicats.
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RESUM

Inhibidors de la dihidroceramida dessaturasa 1: agents terapeéutics i eines
farmacologiques per desxifrar el paper de les dihidroceramides en la biologia
cel-lular

L’enzim Des1 és I'Ultim enzim de la via de biosintesi de novo de la Cer. Catalitza la
insercid d’'un doble enllac en la dhCer per convertir-la a Cer, sent ambdues
metabolitzades a continuacidé cap a (dihidro)esfingolipids més complexes. Durant
molts anys les dhCer no han estat en el focus d’atencid cientifica, principalment a
causa de la seva suposada falta d’activitat bioldgica. No va ser fins fa uns deu anys
gue va sorgir per primera vegada la idea que les dhCer podrien tenir un paper
regulador en les vies de senyalitzacid cel-lular. Des de llavors, diverses publicacions
han demostrat que les dhCer estan implicades en un ampli espectre de processos
bioldgics, i la informacid d’aquestes funcions fisioldgiques i fisiopatologiques per part
de les dhCer han estat recopilades recentment en diverses revisions. Concretament,
aquesta revisid esta centrada en les caracteristiques bioquimiques de Desl i sobre la
seva inhibicid per diferents compostos que presumptament actuen per diferents
mecanismes.

La disponibilitat dels inhibidors de Desl i el seu Us com a eines farmacoldgiques ha
ajudat a refutar la innocuitat bioldgica de les dhCer. La major part de les evidéncies
provenen d’estudis on la inhibicid de Desl provoca una acumulacid de dhCer. S’han
dissenyat de manera racional diversos inhibidors dirigits especificament a Desl, com
el XM462 o el GT11. No obstant, altres farmacs o productes naturals han demostrat
també tenir un efecte inhibidor sobre I'activitat de Desl. Entre tots ells, en aquesta
revisio es comenta l'efecte de la 4-HPR, RV, CCX, THC, y-T, y-TE, curcumina i SKI-II. El
resultat d’aquesta inhibicid varia en funcidé de la linia cel-lular, el grau d’inhibicid (i per
tant les quantitats resultants de dhCer acumulada) i per ultim el context
experimental.
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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.

© 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

Abbreviations: Cer, ceramide(s); 4-HPR, N-(4-hydroxyphenyl)retinamide or
fenretinide; Af3, amyloid (3 peptides; DEGS1, drosophila degenerative spermatocyte
1; DEGS2, drosophila degenerative spermatocyte 2; Desl, 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, A9-tetrahydrocannabinol; TRB3, tribbles-related protein 3.

* Corresponding author.
E-mail address: fina.casas@iqac.csic.es (J. Casas).

http://dx.doi.org/10.1016/j.chemphyslip.2015.07.025
0009-3084/© 2015 Elsevier Ireland Ltd. All rights reserved.

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, Rodriguez-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
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Fig. 2. Number of articles retrieved from PubMed by searching for the term
dihydroceramide.

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 DEGSI. 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).

NADH X CYBS5R (FADH2) X Cyt bs (Fe?*) X Des1 (Fe?*)
NAD* CYB5R (FAD) Cyt bs (Fe3") Des1 (Fe*)

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
Des?2 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 Desl 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 Desl1, 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

Cer

dhCer

H,O
0,

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 Miiller 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 Desl, like

GT11 or 4-HPR (see below). Within the neural retina, Des1 is
expressed in Miiller 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 Desl 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 Desl have been
described, including GT11 or XM462 (see below). Apart from
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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.,

O

(CH2)4CHs OH

A°-tetrahydrocannabiol

o OH
WN
H
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Curcumin
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Resveratrol

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 M) have been reported to induce apoptosis
(Wang et al., 2001), lower doses induce cell cycle arrest at GO/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,
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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
Desl1, 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 K; value of
8.5 M, 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 Desl has not been
examined.

4.1.2. Resveratrol

Resveratrol (3,5,4'-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 ICso of about 80 wM
(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/GO0 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

A®-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;
Blazquez et al., 2008; Carracedo et al., 2006a, 2006b; Gémez 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 (Gomez 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 IC5o of 23 wM
(Muioz Olaya et al., unpublished). Whether dhCer is involved in
THC antitumor activity is being currently investigated.

4.1.5. y-Tocopherol and y-tocotrienol

v-Tocopherol ((2 R)-2,7,8-trimethyl-2-[(4 R,8 R)-4,8,12-trime-
thyltridecyl]-6-chromanol) and <-tocotrienol (R)-vy-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, y-tocopherol and y-tocotrienol
have been reported to have a role in disease prevention and
therapy (Jiang, 2014), with +y-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 wM 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
etal., 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).

Afew articles link the anticancer properties of y-tocopherol and
v-tocotrienol to sphingolipid metabolism. Thus, it has been
described that both +y-tocopherol (Gopalan et al, 2012; Jiang
et al., 2004a) and +y-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
vy-tocopherol-induced cell death (Jiang et al., 2004b). y-Tocopherol
is a moderate inhibitor of Des 1, since its incubation at 100 .M with
LNCaP cells for 36 h elicited a 60% reduction in Des1 activity (Zheng
et al, 2006). +y-Tocotrienol is a better Desl inhibitor than
y-tocopherol (Ordofiez et al., unpublished).

Wang et al. 2015a showed that <y 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--activated kinase-1 in murine RAW 264.7 macro-
phages and primary bone marrow-derived macrophages. In these
cells, vy tocotrienol induced upregulation of A20, an inhibitor of NF-
kB. In search of the reason for A20 upregulation, the authors found
that +y-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 -y-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 y-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
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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 wM (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 A3 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).
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4.1.7. SKI 1

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 (K;=0.3 M)
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 GO/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 GO/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 K; of 6 uM
(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 ICsg of 23 nM. However, at higher concentrations
(>5nM), 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
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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 Desl 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 wM, 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 Desl 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=82 M in rat liver
microsomes) and in intact cells (ICso=0.43 M 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
ICs0 values were in the M 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).
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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 arelationship 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
etal,, 2015) investigated the developmental expression pattern of a
DEGS?2 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 cognitionin schizophreniais 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.

Quercetin

Fig. 6. Chemical structure of putative Des1 inhibitors.
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RESUM

Els inhibidors de la dihidroceramida desaturasa indueixen autofagia per
mecanismes dependents i independents de dihidroceramides

Objectiu: Els esfingolipids sén elements estructurals de les membranes cel-lulars, que
a més s’ha demostrat que contribueixen a diverses funcions bioldgiques com la
proliferacid cel-lular i 'apoptosi. L’ocurréncia d’una relacid entre 'augment de dhCer i
'autofagia ja ha estat descrita, perd la seva implicacié en la mort cel-lular o en la
supervivéncia continua sent controvertida. Entre aguestes evidéncies es troben els
experiments amb el XM462, un inhibidor farmacologic de la Desl, que causa una
acumulacié de dhCer i provoca una induccid d’autofagia. L’'objectiu d’aquest estudi
és determinar I'impacte de I'augment de dhCer, induit pels inhibidors de Desl CCX,
PXD, RV i y-TE, sobre el desti final de les linies cel-lulars de glioblastoma T98G i
U87MG.

Metodologia: La viabilitat cel-lular es va determinar 24 h després dels tractaments
amb l'assaig de la sulforodamina B (SRB). L’autofagia (analisi de LC3-Il i p62 per
Western Blot i deteccié de LC3-Il puncta per immunofluorescéncia) i la composicid
dels esfingolipids (UPLC-TOF) va ser mesurada en ceéllules tractades amb la
concentracié IC,s dels compostos. La determinacié de l'activitat Desl es va dur a
terme per HPLC acoblada a un detector de fluorescéncia tant en llisats cel-lulars com
en cél-lules intactes després de ser incubades amb els compostos. En aquest estudi
es va utilitzar a més de les cél-lules T98G i U87MG, una linia cel-llular incapac de
produir Cer per la via de novo dels esfingolipids (U87DND), i aquesta amb el gen
ATGS5, essencial per la induccid d’autofagia, silenciat de forma estable. Els nivells
relatius de mRNA dels diferents gens es van determinar per gPCR. Finalment, es va
utilitzar miriocina per inhibir I'enzim SPT i 3-metiladenina (3MA) per inhibir
'autofagia.

Resultats: En primer lloc es va comprovar que els compostos inhibien I'enzim Desl,
provocant una acumulacié de dhCer. Les cél-lules tractades amb CCX, PXD, RV i y-
TE, perd no y-T, provocaven un increment de dihidroesfingolipids, sobretot de dhCer.
La determinacié de l'activitat Desl es va realitzar tant en llisats com en cel-lules
intactes, i es va observar que tots els compostos excepte y-T, causaven una reduccid
de lactivitat Desl. Curiosament el y-TE només va inhibir Desl en cél-lules intactes,
suggerint una reduccié de I'expressid génica de Desl. Aguest fet es va confirmar
analitzant els nivells de mRNA, on lI'expressid de Desl disminuia en les cél-lules
tractades amb y-TE. També es van analitzar altres transcrits involucrats en la via de
biosintesi de novo de la Cer. Tots els compostos provocaven un augment de
'expressid d’aquests enzims com les CerS o la SPT. Les analisis de Western Blot van
mostrar que en les cél-lules tractades amb els compostos, a excepcid de y-T, hi havia
un increment dels nivells de LC3-Il i p62 respecte els controls. Aquest increment
augmentava en preséncia d’inhibidors de proteases. També es va comprovar la
induccié d’autofagia analitzant per immnuflorescéncia la formacid dels
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autofagosomes. La incubacié amb miriocina va evitar 'acumulacié de dhCer i tot i
gue es van reduir els nivells de LC3-Il, encara hi havia induccié d’autofagia en
abséncia de dhCer. La induccié d’autofagia per part dels compostos en el model
cel-lular US87DND va demostrar que les dhCer no eren un requisit estrictament
necessari per a la induccid d’autofagia. No obstant, quan es silenciava el gen ATG5
en les U87DND, una linia cel-lular incapac d’acumular dhCer, els compostos eren
menys toxics. A més la toxicitat dels compostos en les U87DND controls (sense
FATG5 silenciat) disminuia en addicionar dhCer exdgenes. Aquests resultats
suggereixen que l'autofagia dependent de dhCer té com a finalitat la supervivéencia
cel-lular. D’altra banda quan es va inhibir 'autofagia amb 3MA en les cel-lules US7MG,
amb nivells normals de dhCer, els compostos eren més toxics. Aquest resultats
recolzen que la via d’induccidé d’autofagia dependent de dhCer és un mecanisme de
supervivéencia cel-lular.

Conclusions: En aquest treball s’ha demostrat que en T98G i U87MG, tots els
compostos, excepte y-T, indueixen l'autofagia juntament amb una acumulacié de
dhCer a causa de l'estimulacié de la biosintesi de novo de Cer i una disminucié de
I'activitat Desl. No obstant aixd, I'activacidé d’autofagia també pot ser induida en
abséncia d’una acumulacié de dhCer. Es per aix0 que es proposa que el CCX, PXD,
RV, y-TE i XM462 activen mecanismes pro-autofagics tant dependents com
independents de dhCer, i I'equilibri entre les dues vies té una influéncia sobre el desti
cel-lular, sent la via d’induccié d’autofagia dependent de dhCer una mecanisme de
superviveéncia.
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Background: Autophagy consists on the delivery of cytoplasmic material and organelles to lysosomes for degra-
dation. Research on autophagy is a growing field because deciphering the basic mechanisms of autophagy is
key to understanding its role in health and disease, and to paving the way to discovering novel therapeutic strat-
egies. Studies with chemotherapeutic drugs and pharmacological tools support a role for dihydroceramides as
mediators of autophagy. However, their effect on the autophagy outcome (cell survival or death) is more contro-
versial.

ﬁ{ow;ﬁg;y Methods: We have examined the capacity of structurally varied Des1 inhibitors to stimulate autophagy (LC3-II
Cancer analysis), to increase dihydroceramides (mass spectrometry) and to reduce cell viability (SRB) in T98G and
Dihydroceramide desaturase U87MG glioblastoma cells under different experimental conditions.

Lipidomics Results: The compounds activity on autophagy induction took place concomitantly with accumulation of
Sphingolipids dihydroceramides, which occurred by both stimulation of ceramide synthesis de novo and reduction of Des1 ac-
Inhibitor

tivity. However, autophagy was also induced by the test compounds after preincubation with myriocin and in
cells with a reduced capacity to produce dihydroceramides (U87DND). Autophagy inhibition with 3-
methyladenine in the de novo dihydroceramide synthesis competent U87MG cells increased cytotoxicity, while
genetic inhibition of autophagy in U87DND cells, poorly efficient at synthesizing dihydroceramides, augmented
resistance to the test compounds.
Conclusion: Dihydroceramide desaturase 1 inhibitors activate autophagy via both dihydroceramide-dependent
and independent pathways and the balance between the two pathways influences the final cell fate.
General significance: The cells capacity to biosynthesize dihydroceramides must be taken into account in
proautophagic Des1 inhibitors-including therapies.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Autophagy is an evolutionary conserved cellular catabolic pathway
involving the lysosomal degradation and recycling of proteins and or-
ganelles. Under physiological conditions, cells undergo autophagy to
eliminate aberrant, damaged biomolecules or structures to maintain tis-
sue 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

Abbreviations: 3MA, 3-methyladenine; C22:0-dhCer, docosanoylsphinganine; C24:0-
dhCer, N-tetracosanoylsphinganine; C24:1-dhCer, N-tetracosenoylsphinganine; CCX,
celecoxib; Cer, ceramide; CerS, ceramide synthase; d2C8dhCer, N-octanoyl-p-erythro-
[4,4->H,]sphinganine; Des1, dihydroceramide desaturase 1; dhCer, dihydroceramide;
dhCerC6NBD, N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-p-erythro-
sphinganine; dhSM, dihydrosphingomyelin; DIPACS, Des1 inhibitory pro-autophagic

compounds; LacdhCer, lactosyldihydroceramide; LC3, microtubule-associated protein 1
light chain 3; Myr, myriocin; PVDF, polyvinylidenedifluoride; PXD, phenoxodiol; RV,
resveratrol; SL, sphingolipids; SM, sphingomyelin; SPT, serine palmitoytranferase; TBST,
TBS with 0.1% Tween-20; UPLC-TOF MS, ultraperformance liquid chromatography
coupled to time of flight mass spectrometry; y-T, 'y-tocopherol; y-TE, y-tocotrienol.
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programmed cell death [3-5].

Problems in the execution of autophagy are linked to different path-
ological 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 in-
creased 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
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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 eu-
karyotic 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 has 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 dif-
ferentially 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 autoph-
agy [22]. Thus, several compounds reported to induce autophagy have
also activity as dihydroceramide desaturase 1 (Des1) inhibitors. Drugs in-
clude tetrahydrocannabinol [28-32] (inhibition of Des1 in rat liver micro-
somes using dhCerC6NBD as substrate [33] occurs with an ICsq value of
30 uM), fenretinide [34,35], resveratrol (RV) [36-39] and celecoxib
(CCX) [40-43]. Pharmacological tools include the sphingosine kinase in-
hibitor SKI-II [44], and the synthetic Des1 inhibitors GT11 [32] and
XM462 [37]. On the other hand, increased levels of dihydrosphingosine
and dhCer have been shown to occur in prostate cancer cells incubated
by y-tocotrienol (+y-TE), and this increase appears to contribute to the au-
tophagic response elicited by the compound [45,46]. Although these re-
sults suggest that +v-TE inhibits Desl1, 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 au-
tophagy [47,48]. 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 in-
hibitor [22], this property has not been examined.

Using T98G and U87MG glioblastoma cell lines and different Des1
inhibitory pro-autophagic compounds (DIPACS) exhibiting different cy-
totoxicities (CCX, PXD, RV, y-TE and XM462) we show that autophagy
induction occurs concomitantly with dhCer buildup. However, autoph-
agy 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 ra-
tios in the first case, has an impact on the final cell fate.

2. Materials and methods
2.1. Materials

Dulbecco's Modified Eagle Medium, fetal bovine serum, penicillin/
streptomycin, sulforhodamine B, BSA, Trypsin-EDTA, RV, y-T, pepstatin
A, myriocin, puromycin dihydrochloride from Streptomyces alboniger and
hexadimethrine bromide were purchased from Sigma. CCX was purchased
from Selleckchem. PXD was a kind gift of Marshall Edwards Pty Ltd. (New
South Wales, Australia). y-TE was purchased from Cayman Chemical Com-
pany. 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]-p-erythro-sphinganine (dhCerC6NBD) [33], N-
octanoyl-p-erythro-[4,4-H,]sphinganine (d2C8dhCer) [49] and XM462
[33] 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 (code ab48394) (Western blot) or MBL (code
M152-3) (Immunofluorescence microscopy), anti-p62 was from Abcam
(code ab56416) and B-actin was from Sigma (code A2228). HRP-second-
ary antibodies (anti-mouse and anti-rabbit) were from GE Healthcare.
FITC-secondary antibody was purchased from Millipore. For stable knock
down of ATG5 expression, the pool of concentrated transduction-ready

viral particles containing 3 target-specific ShRNAs or 3 nontargeted control
shRNA constructs were obtained from Santa Cruz Biotechnology.

2.2. Cell culture

Human glioblastoma cell lines T98G and U87MG were cultured at
37 °Cin 5% CO, in Dulbecco's Modified Eagle Medium supplemented
with 10% fetal bovine serum and 100 ng/mL each of penicillin and strep-
tomycin. U87DND-shC and U87DND-Atg5 cells were cultured at 37 °Cin
5% CO, in the same medium supplemented with 10% fetal bovine serum,
100 ng/mL each of penicillin and streptomycin and 2 pg/mL puromycin.

2.3. Cell treatments

Cells were plated at the appropriate density and allowed to adhere
for 24 h in complete medium. DIPACS were then added at the specified
concentration from stock solutions in ethanol or DMSO and cells were
collected by trypsinization after the indicated times. In some experi-
ments, 3-methyladenine (3MA) (5 mM) was added 3 h prior to DIPACS
addition and was maintained in the culture until the end of the experi-
ment (24 h). In other experiments, cells were treated 24 h after seeding
with d2C8dhCer (25 pM) and either 2/3 serial dilutions of PXD from 6.8
to 0.12 uM (ethanol as vehicle control) or a fixed PXD concentration
(1.8 uM). Twenty-four hours later, a new dose of d2C8dhCer (25 uM)
was added and cells were cultured for 24 h additional hours, after
which cell viability was determined as detailed below or cells were col-
lected by trypsinization and processed for lipid analysis (UPLC/TOF MS).
In treatments with d2C8dhCer (25 pM) and vehicle, samples were also
collected and processed for Western blot analysis of LC3.

24. Cell viability

Cell viability was examined in triplicate samples by the
sulphorhodamine B assay. Cells were seeded in 96 well plates at a den-
sity of 1 x 10° 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 tri-
chloroacetic 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
solubilized by adding 10 mM Tris base to each well and shaking for
5 min on a shaker platform. Absorbance was measured at 564 nm.

2.5. Desaturase activity

To determine the compounds activity on Des1 in intact cells, cells
were seeded in 6 well plates at a density of 1 x 10° cells/mL. Twenty-
four hours after seeding, the medium was replaced with fresh complete
medium containing CCX, PXD, RV, y-tocopherol (y-T), y-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 pL/well) and the washing solution was combined with
the collected media. Cells were detached by trypsinization (400 pL/
well Trypsin-EDTA), 600 pL of medium was then added to the cell sus-
pension and the solution was transferred to an Eppendorf tube. One mil-
liliter of MeOH was added to each tube (medium and cell suspension)
and the mixture was vortexed and kept at 4 °C overnight. After centrifu-
gation (10,000 rpm for 3 min), the supernatants were transferred to
HPLC vials and either 25 pL (media) or 100 L (cells) were injected in
to HPLC. Analyses were performed with an Alliance apparatus coupled
to a fluorescence detector using a C18 reversed-phase column eluted
with 15% H,0 and 85% acetonitrile, both with a 0.1% trifluoroacetic
acid, flowing at 1 mL/min. The detector was set at an excitation wave-
length of 470 nm and the emission wavelength at 530 nm. Each sample
was run for up to 15 min.
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2.6. Western blotting

For LC3-I1and p62 protein analysis 1 x 10° cells were plated in 6 well
plates and were allowed to adhere for 24 h. Cells were preincubated
with proteases inhibitors (E64D, 10 pg/mL and pepstatin A, 5 pg/mL).
After 2 h cells were treated for 24 h with CCX, PXD, RV, y-T, v-TE and
XM462 or EtOH as control. Cells were directly lysed in Laemmli sample
buffer and boiled for 5 min. Samples were loaded onto a 12% polyacryl-
amide 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 and p62) or 3% BSA in TBST
(Actin). Anti-LC3 and anti-p62 antibodies were 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 agita-
tion. After washing with TBST, membranes were probed with the corre-
spondent secondary antibody for 1 h at room temperature (LC3: anti-
rabbit, diluted 1:1000 in 3% BSA in TBST; Actin and p62: anti-mouse, di-
luted 1:10,000 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 in-
tensities were quantified by LI-COR Image Studio Lite Software.

2.7. Lipid analysis

Cells were seeded at 1 x 10° 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, ¥-T, y-TE and XM462 or EtOH as con-
trol. After 24 h, medium was removed; cells were washed with 400 pL
PBS and harvested with 400 pL Trypsin-EDTA and 600 pL of medium.
Sphingolipid extracts, fortified with internal standards (N-
dodecanoylsphingosine,  N-dodecanoylglucosylsphingosine, = N-
dodecanoylsphingosylphosphorylcoline  and  C17-sphinganine
0.2 nmol each) were prepared and analyzed by UPLC-TOF MS as report-
ed [33].

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 simi-
larly affected by each treatment. MATLAB 8.6.0 R2015b (The
MathWorks, Inc., Natick, MA, USA) was used as the development plat-
form for data analysis and visualization.

2.8. Immunofluorescence

Cells were grown on coverslips in 6 well plates at a density of 1 x 10-
5 cells/mL and allowed to attach. Medium was replaced with fresh me-
dium containing CCX, PXD, RV, v-T, y-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
NH,4Cl in PBS for 10 min. Cells were washed again with PBS and perme-
abilized 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 pg/mL anti-LC3 antibody in PBS overnight at 4 °C. Following incuba-
tion, cells were washed and treated with FITC-conjugated secondary an-
tibody diluted 1:100 in PBS for 1.5 h at room temperature. Punctate
pattern of LC3 was visualized under a fluorescence microscope at 60 x
objective magnification or a confocal fluorescence microscope. 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.

2.9.qPCR
Total RNA was isolated from cells using RNeasy® Mini Kit from
QIAGEN protocol. RNA concentration was measured by spectrophoto-

metric absorption at 260 nm in a NanoDrop ND-8000 Spectrophotome-
ter. RNA was treated with DNAse [ to remove genomic DNA

140 RESULTATS

contamination. Quantities from 1 pg to 100 ng of DNAse I-treated RNA
were retrotranscribed to cDNA using Superscript® Il Reverse Transcrip-
tase from Invitrogen and stored at —20 °C. cDNA preparations were
used to quantify specific transcripts in a LightCycler® 480 Real Time
PCR System, using SYBR®Green Mix (Roche, Germany) and the follow-
ing pairs of primers: Des1 (F, 5'-CTATGCGTTTGGCAGTTGCA-3’, and R,
5'-CAGTTGCCAAAGGCAGCATT-3’), CerS2 (F, 5’-AGATCATCCACCA
TGTGGCC-3', and R, 5-TGATTAGAGTCCCAGCTCGGA-3'), CerS5 (F, 5'-
AGGGCCACTGGCAACATACT-3/, and R, 5'-ACTCCTCAGTGCCTTGCAGTC-
37), CerS6 (F, 5'-TGGTTTTTATCACCACACGACTG-3', and R, 5'-CAACGAT
CTCCCAGCTTTCAA-3'), SPTLC1 (F, 5'-CAGAACCTCTTGTTCCTCCTGTC-3/,
and R, 5-TTTTGTGGCTTGGAGGGC-3’), SPTLC2 (F, 5'-TGGAGTGTG
CAGTACTCGGC-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 incu-
bation at 60 °C. All reactions were performed in triplicate. Relative
mRNA abundances of the different genes were calculated from the sec-
ond 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
ACp values (ACp = CpGAPDH — CpTg).

2.10. Infection with ATG5 shRNA-human lentiviral particles

U87DND cells were plated in 12-well dishes 24 h prior to viral infec-
tion. The following day, when cells had reached 50% confluence, medi-
um was replaced by complete medium containing hexadimethrine
bromide (5 pg/mL final concentration). Cells were then infected with
control- or ATG5-selective shRNA lentiviral particles. After 24 h, the me-
dium was replaced by complete medium without hexadimethrine bro-
mide and selection of clones stably expressing the shRNAs was carried
out by incubation of cells with puromycin (2 to 10 pg/mL final concen-
tration). Stable silencing was confirmed by Western blot. At least 20 dif-
ferent selected clones were pooled for each of the cell lines generated.

2.11. Statistical analyses

All experiments were performed in triplicate and data are given as
means £ S.D. For comparison of two means, data were analyzed by
Student's t-test. For comparison of more than two means, data were ana-
lyzed by one-way ANOVA followed by Dunnett's (pairwise comparisons
of multiple treatment groups with a single control group) or Bonferroni's
(comparisons between all data groups) multiple comparison post-tests.
Differences with P < 0.05 were considered significant. Dose response
curves were adjusted with the sigmoidal dose-response curve with vari-
able slope equation. Comparison of dose-response curves (LogCCsq and
Hill Slope) was carried out with the extra sum-of-squares F test. All
tests were run with the GraphPad programme. The figures in this article
are representative of at least three independent experiments with a
similar pattern.

3. Results
3.1. DIPACS have different effects on U87MG and T98G cell viability

The compounds used in this study affected cell viability in glioblasto-
ma U87MG and T98G cells lines with different potencies. Thus, CCX
caused a decrease in cell viability with CCsg values (24 h) of 124.7 uM
(U87MG) and 97.5 uM (T98G), while y-TE was cytotoxic with CCsq
values (24 h) of 73.5 uM (U87MG) and 44.3 uM (T98G) (Fig. 1A, B). In
contrast, PXD and RV were poorly effective at decreasing cell viability
(CCsp values (24 h) above 200 pM in both cell lines) and y-tocopherol
(+y-T), which differs from y-TE by the absence of the double bonds in
the isoprenoid chain, did not affect cell viability at concentrations up
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Fig. 1. Effect of test compounds on cell viability. U87MG (A, C) and T98G (B, C) cells were exposed to CCX (A, B), PXD (A, B), RV (A, B), y-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 CCs values detailed in the text. Data were obtained

from 3 to 5 experiments with triplicates.

to 200 uM (data not shown). The active-site directed Des1 inhibitor
XM462, which has also been reported to induce an increase in dhCers
[37,50], was more potent at modifying cell viability in U87MG than in
T98G cells (Fig. 1C).

3.2. 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 subtoxic con-
centrations. CCX, RV, PXD and v-TE, but not y-T at 50 uM, promoted
an increase in dhCer, dihydrosphingomyelins (dhSM) and
lactosyldihydroceramides (LacdhCer) in U87MG (Fig. 2A) and T98G
cell lines (Fig. S1A). Similar results were found with the active site-di-
rected Des1 inhibitor XM462 (100 uM/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 (Figs. 2A
and S1A). However, in both cell lines the highest accrual over controls
occurred for dhSL, mainly for dhCer (Figs. 2B and S2B). 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 (US7MG), dhCer rose 2-fold (XM462), 10-fold (vy-TE), 17-fold
(PXD and RV) and 30-fold (CCX) after treatments, while dhSM levels
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were 1.5-fold (XM462), 5-fold (y-TE and PXD), 3.6-fold (RV) and 2.6-
fold (CCX) higher in treated cells than in controls and LacdhCer levels
were 1.8-fold (XM462), 3.5-fold (PXD and RV), 5-fold (y-TE) and 6-
fold (CCX) higher than controls (Fig. 2B). Levels of long chain bases
and their phosphates did not change significantly upon the treatments
(data not shown). This finding is at odds with reported data showing
that treatment of various cancer cell lines with CCX [40] or y-TE [46] sig-
nificantly increased sphinganine. Differences in SL metabolizing en-
zyme activities between the different cells lines used in those studies
and in this work may account for the contrasting sphinganine contents
produced in response to CCX and +y-TE.

Since differently acylated Cer [51-58] and dhCer [59,60] 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 com-
pounds (Figs. 2C-G and S1C-G). The most striking changes over con-
trols occurred for the C24:0-dhCer, which increased in treatments
with PXD (Figs. 2F and S1F) and RV (Figs. 2G and S1G), accounting
for a ca 65% of total dhCer (Figs. 2H and S1H), and C24:1-dhCer,
which decreased to about a 20% of total in treatments with PXD
(Figs. 2H and S1H) and RV (Figs. 2H and S1H). In contrast, cells treat-
ed with y-TE (Figs. 2C, H, S2C and S1H), CCX (Figs. 2E, H and S1E,H)
and XM462 (Figs. 2D, H and S1D,H) exhibited no preponderance of
C24:0-dhCer.
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Fig. 2. Effect of compounds on sphingolipid levels in U87MG cells. Cells were incubated with the compounds at y-T, 50 pM; y-TE, 35 pM; XM462, 100 uM; RV, 100 pM; PXD, 100 uM and
CCX, 100 pM 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. In A, B and H, 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). In C-G, all dhCer species increased

significantly over the respective vehicle controls (unpaired, two-tailed t-test, P < 0.01)
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Fig. 3. Effect of the test compounds on the activity of Des1. A. T98G cells were treated for
20 h with either ethanol (control), CCX (50 uM), PXD (50 pM), RV (100 uM), ¥-T (50 uM),
v-TE (35 puM) or XM462 (100 uM) (positive control). Then, the Desl substrate
(dhCerC6NBD, 10 uM) was added and cells were collected 4 h later. Medium and cell
samples were analyzed by HPLC coupled to a fluorescence detector (see [33]). B. cell
lysates were incubated with both substrate (10 pM) and test compounds (CCX, 100 pM;
PXD, 50 puM; RV, 100 pM; y-T, 50 puM; y-TE, 200 pM; XM462, 10 pM) 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 mRNA levels (as determined by quantitative real-
time PCR). 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).

3.3. The increase in dhCer levels occurs by decreased Des1 activity and stim-
ulation 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 [33] and the test com-
pounds at the concentrations found to increase dhCer levels. As shown
in Fig. 3A, all compounds except for y-T provoked a reduction in Des1
activity when administered to whole cells (20 h). The lowest effect
was produced by y-TE, which reduced Des1 activity to about the 50%
of control in the assay conditions. The other compounds tested pro-
voked 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
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(positive control) (Fig. 3B). However, CCX inhibited Des1 in cell lysates
at concentrations higher than those required for inhibition in intact cells
and y-TE was not inhibitory (Fig. 3B). This last result suggested that de-
creased Des1 activity in intact cells exposed to y-TE could result from
down-regulation of Des1 expression. This assumption was confirmed
in mRNA analysis by qPCR, which showed that cells treated with y-TE
at the same concentrations found to decrease Des1 activity contained
significantly less Des1 transcript than controls (Fig. 3C). In contrast,
other transcripts involved in ceramide synthesis de novo were either un-
affected or upregulated by y-TE. As for the other Des1 inhibitors exam-
ined, none of them modified Des1 mRNA levels as compared to controls,
but provoked an increased expression of genes of the de novo pathway
(Fig. 3C). These overall results indicate that the compounds studied
here bring about an increase in cellular dhCer by both stimulating Cer
synthesis de novo and decreasing Des1 activity by either direct inhibi-
tion or down-regulation of Des1 gene expression.

3.4. Inhibition of Des1 induces cytoprotective autophagy

Several lines of evidence support that dhCer mediate autophagy in-
duced by different inputs, including cell exposure to both cytotoxic [32,
40] and non-toxic compounds [37]. Since the compounds studied here
induce an increase in dhCer, we examined whether they activated au-
tophagy in the two cell lines at the same concentrations and incubation
time (24 h) used to examine their effect on the sphingolipidome. West-
ern blot analysis of proteins from U87MG and T98G cells treated with
CCX, RV, PXD and y-TE showed an increased production of LC3-II over
controls. The increase in LC3-II expression was enhanced in the pres-
ence of protease inhibitors, demonstrating that the 4 compounds acti-
vate the autophagic flux in both U87MG (Fig. 4) and T98G (Fig. S2)
cells. The active site-directed Des1 inhibitor XM462 at 100 uM/24 h
also induced an LC3-II increase, which was augmented in the presence
of protease inhibitors in both U87MG (Fig. 4) and T98G (Fig. S2) cells.
In contrast, y-T (100 puM/24 h) did not induce the production of LC3-II
in either U87MG (Fig. 4) and T98G (Fig. S2) cells. Similar results were
found when the autophagy substrate p62/SQSTM1 was monitored
(Fig. S3). The increase in p62 levels over vehicle controls in all treat-
ments except for y-T correspond to the expected changes during initia-
tion of autophagy [61].

Immunofluorescence studies with an antibody that recognizes pref-
erentially the lipidated form of endogenous LC3, revealed an increased
accumulation of immunostained LC3-II puncta in cells treated with
the compounds, except for y-T, in comparison to cells treated with
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Fig. 4. Effect of the test compounds on the autophagic flux in U87MG cells. Cells were treated with CCX (100 uM), PXD (100 pM), RV (100 pM), y-T (50 pM), y-TE (35 uM) and XM462
(100 puM) 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. B. Histograms showing the fold-changes of LC3-II/Actin over control (EtOH). Data are the average 4 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 bar denote statistical significance between groups (P < 0.05).
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vehicle, indicating that the compounds induce autophagosome forma-
tion (Figs. 5 and S4).

Using U87MG cells as models, we found that inhibition of autophagy
with 3-methyladenine (3MA) (5 mM) increased the cytotoxicity of
DIPACS, as concluded from the significant shift of the dose-response
curves to the left (resulting in decreases in the CCsq values as compared
to 3MA untreated cells) (Fig. 6A). Inhibition of autophagy by 3MA in our
experimental conditions was confirmed by Western blot analysis of
LC3-Il in treatments with PXD in the presence and absence of 3MA. As
shown in Fig. 6B, C, 3MA reduced the amounts of LC3-II induced by
PXD both in the absence and presence of PI, confirming inhibition of
the autophagic flux by 3MA. These results indicate that the autophagy
induced by DIPACS in U87MG cells is cytoprotective.

3.5. Autophagy is also induced by DIPACS independently of dhCer
production

In order to assess whether dhCer was a strict requirement for au-
tophagy activation by DIPACS, a series of experiments were carried
out under conditions of impaired dhCer synthesis. In a first set of exper-
iments, dhCer synthesis was blunted with myriocin, an inhibitor of SPT,
the enzyme that catalyzes the first committed step in the de novo cer-
amide synthesis pathway. As shown in Figs. 7A, B and S5A, B, cells treat-
ed with myriocin (5 uM/24 h) prior to addition of RV, PXD or y-TE at
concentrations shown to induce autophagy produced lower LC3-II
levels than cells treated with the compounds alone for 24 h. Protease in-
hibitors enhanced the increase in LC3-Il induced by the compounds, but
lower levels of LC3-11 were also evident in myriocin plus protease inhib-
itors-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
(Figs. 7C and S5C). However, myriocin-pretreatment reduced the com-
pounds-promoted increase in dhCer to a higher extent than it lowered
autophagy induction (compare Fig. 7B with 7C and Fig. S5B with S5C).
Furthermore, myriocin pretreatment did not modify the levels of LC3-
Il induced by CCX (Figs. 7A, B and S5A, B), although significantly less

EtOH y-T

y-TE

SL, including dhCer, were present in the myriocin pretreated samples
than in vehicle treated controls (Figs. 7C and S5C). On the other hand,
cell viability determinations evidenced that myriocin pretreatment did
not modify the effect of DIPACS on cell viability at least under our exper-
imental conditions (data not shown). These results suggest that dhCers
are not a strict requirement for autophagy induction by DIPACS and that
other mechanisms in addition to dhCer-accumulation may be involved
in the cell sensitivity to these compounds. The latter is not unexpected,
since none of the compounds acts exclusively as an inhibitor of Des1.
In a second set of experiments, the ability of DIPACS to induce au-
tophagy was examined in a clone of U87MG cells that exhibited a re-
markably low competence at producing ceramide de novo (U87DND).
Thus, these cells exhibited very low levels of basal mRNA for serine
palmitoyltransferases (SPT) long chain 1 and 2 (LC1 and LC2) and cer-
amide synthases (CerS) 2, 5 and 6 (CerS2, CerS5 and CerS6). The de
novo ceramide synthesis competent U87MG cells were used as positive
controls to ensure that proper primers were used to amplify the target
genes (Fig. S6A). 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 cells
exposed to marginally toxic concentrations of DIPACS showed a low ca-
pacity to respond to the compounds by increasing dhCer levels (Fig.
S6B). Thus, while in U87MG and T98 cells dhCer amounts experienced
large increases upon treatments, ranging from 5 to 30-fold over vehicle
control (Fig. 2B, S1B), dhCer levels increased only 2-2.5-fold of vehicle
in U87DND cells (Fig. S6C). Therefore, these cells were envisaged to be
a good model to investigate the putative capacity of DIPACS to induce
autophagy in a dhCer-independent predominant way and its role in
cell fate. To this aim, the autophagy essential Atg5 gene was stably si-
lenced in U87DND cells. Despite the low capacity of U87DND cells to in-
crease dhCer in response to DIPACS, the compounds were able to induce
autophagy in U87DND-shC cells (infected with viral particles containing
nontargeted control ShRNA constructs). 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 pres-
ence and absence of protease inhibitors (Fig. 8A, B), sustaining the suc-
cess of Atg5 silencing at decreasing the cells competence at undergoing
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Fig. 5. Autophagy induction by the test compounds. Representative images showing the formation of immunostained-LC3 puncta in U87MG cells after treatment with y-T (50 pM), y-TE
(35uM), RV (100 uM ), PXD (100 uM) and CCX (100 uM) for 24 h. Ethanol was used as control and XM462 (100 uM) was used as a positive control of autophagy induction. The percentage of
cells with more than five defined cytosolic green dots is represented in the histogram. *P < 0.01 (one way ANOVA following by Dunnet's multiple comparison post-test if ANOVA P < 0.05).

Analysis was performed by confocal fluorescence microscopy.
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Fig. 6. Effect of 3-methyladenine on the activity of DIPACS on cell viability. A. U87MG cells were treated with either ethanol or 3MA (5 mM) for 3 h and then serial dilutions of y-TE, CCX,
PXD and RV were added to the culture without medium renewal and cells were incubated for 24 h. Cell viability was estimated by the sulphorhodamine B assay. Data (average + SD)
correspond to one representative experiment (n = 3 for each dose) that was performed 3 times. Curve fitting with the sigmoidal dose-response (variable slope) equation afforded the
following CCsq values (uM) (95% confidence intervals): y-TE/vehicle, 75.65 (61.86 to 92.52); y-TE/3MA, 36.73 (29.56 to 45.63); CCX/vehicle, 133.0 (109.2 to 161.9); CCX/3MA, 39.7
(32.47 to 48.54); PXD/vehicle, 141.9 (116.6 to 172.6); PXD/3MA, 69.2 (50.89 to 94.08); RV/vehicle, 217.7 (159.0 to 298.3); RV/3MA, 93.06 (54.35 to 159.3). The differences between
data sets corresponding to treatments with each compound in the absence and presence of 3MA were statistically significant at P < 0.0001 in all cases (extra sum-of-squares F test. F
(DFn/DFd): y-TE, 25.04 (2/47); CCX, 38.15 (2/44); PXD, 32.08 (2/42); RV, 43.30 (2/42)). B, C. Cells were incubated with PXD (100 uM) for 24 h after a 3 h preincubation with 3MA
(5 mM) or vehicle and a subsequent 2 h treatment with protease inhibitors (PI) or vehicle. Cells were then collected and processed for Western blot analysis. B. Western blot image
corresponding to one representative experiment. C. Fold-changes of LC3-II/Actin ratios over control (EtOH) (mean =+ SD, three experiments with triplicates, n = 9). Statistical analysis
was carried out by one way ANOVA followed by Bonferroni's multiple comparison post-test if ANOVA P < 0.05. Different letters atop each bar denote statistical significance (P < 0.05).

autophagy. This result supports that DIPACS are able to induce autoph-
agy even in conditions of low dhCer production. On the other hand, ge-
netic 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 y-TE
(Fig. 8C). These findings suggest that the autophagy induced indepen-
dently of de novo dhCer synthesis leads to cell death in the case of
CCX, RV and PXD, while autophagy does not participate in cell death in-
duced by y-TE in the experimental conditions of the assay.

3.6. Effect of dhCer on PXD cytotoxicity

Although the different autophagy outcome in U87MG and U87DND
cells exposed to DIPACS is likely explained in terms of activation of dif-
ferent targets in the two different cell line models, the fact that autoph-
agy induced in US7MG cells (responding with large increases in dhCer)
was cytoprotective while cytotoxic autophagy was activated when rises
in dhCer were limited (U87DND cells) suggested a prosurvival role of
dhCer. To assess this possibility and the implication of autophagy in
the cytoprotective activity of dhCer, the effect of a metabolic precursor
of dhCer on PXD cytotoxicity was examined in U87DND shC and
U87DND shAtg5 cells. PXD was chosen as model compound because
its cytotoxicity was dramatically different in the de novo Cer synthesis
competent (U87MG) and poorly competent (U87DND) cells (Compare
Fig. 1A with Fig. 8C). A dideuterated dihydroceramide analog, namely
N-octanoyl-p-erythro-[4,4->H,]sphinganine (d2C8dhCer) was used as
metabolic source of dhCer. This molecule is N-transacylated and
desaturated in intact cells, although desaturation occurs at a slower
rate than that of natural dhCer due to the existence of a primary isotope
effect [62], thereby resulting in an accumulation of dideuterated
dihydroceramides. As expected, both U87DND shC and U87DND
shAtg5 cells treated with d2C8dhCer accumulated dideuterated
dihydroceramides (Fig. 9A) of different N-acyl chain lengths, accounting
for total of ca 1900 pmols/10° cells. Furthermore, as shown in Fig. 9B,
U87DND shC cells treated with PXD in the presence of d2C8dhCer
were significantly more resistant (CCso = 1.46 uM; 95% confidence in-
terval: 1.37 to 1.55 pM) to PXD than cells untreated with d2C8dhCer
(CCsp = 0.86 uM; 95% confidence interval: 0.76 to 0.97 uM). These re-
sults support a cytoprotective role for dhCer in the experimental
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conditions of our assay. Interestingly, d2C8dhCer treatment did not
modify significantly the sensitivity of U87DND shAtg5 cells to PXD
(Fig. 9B) [vehicle: CCso = 1.36 uM (95% confidence interval: 1.206 to
1.537 uM); d2C8dhCer: CCsq = 1.37 uM (95% confidence interval:
1.240 to 1.509 pM)], supporting that the protective effect of towards
PXD elicited by the deuterated dhCer is likely to involve autophagy
and it occurs upstream of autophagy activation. To support the hypoth-
esis that dhCer was protective via the induction of autophagy, the levels
of LC3-1I in U87DND cells treated or not with d2C8dhCer were mea-
sured. As shown in Fig. 9C, D, treatment with d2C8dhCer induced and
increase in LC3-II levels over controls and this increase was enhanced
in cells pretreated with protease inhibitors.

4. Discussion

After the pioneering work by Merrill and co-workers [35], studies in-
volving pharmacological inhibitors to reduce Des1 activity [37,50] or
using fibroblasts from a DES1 gene knock-out mice [63] have provided
further support for a role for dhCer in autophagy induction. However,
the action of dhCer on cell fate and whether their activity at promoting
cell death or survival follows autophagy induction are less clear. Thus, in
some studies, Des1 blockade resulted in cell proliferation arrest or delay
[63-65] and increased resistance to apoptosis caused by diverse stimuli
[50,63,66-68], such as chemotherapeutic drugs [50,66] and photody-
namic therapy [67]. On the other hand, accumulation of dhCer has
been reported to favor cell survival in adaptation to hypoxia [64,69].
In contrast to these cytoprotective effects of dhCer, CCX [40] and y-TE
[46] have been shown to induce autophagy and cytotoxicity by increas-
ing dhCer and sphinganine levels and a selective increase of C22:0- and
(C24:0-dhCer has been reported to induce autophagy and mixed cyto-
toxicity in T-cell acute lymphoblastic leukemia cell lines [60]. Likewise,
accumulation of dhCer has been demonstrated to induce cytotoxic au-
tophagy in glioma cells upon tetrahydrocannabinol treatment [32]. Im-
portantly, only in a few of the above studies the effect of dhCer on cell
fate has been shown to follow autophagy induction [32,50,60,63]. In
an attempt to shade additional light on the role of dhCer in autophagy
activation and outcome (protection or death), in this work we studied
the effect of several Des1 inhibitors on the autophagic flux and cell
fate in UB7MG and T98G glioblastoma cell lines.
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Fig. 7. Effect of myriocin on the activity of the test compounds in U87MG cells. Cells were treated with CCX (100 uM), PXD (100 pM), RV (100 uM), y-T (50 puM), y-TE (35 uM) and XM462
(100 uM) for 24 h after a 24 h preincubation with myriocin (Myr) (5 uM) 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 LC3-1I/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).

Although the compounds examined in this article had been reported
to increase dhCer levels [32,37,40,46] their Des1 inhibitory activity had
not been examined in enzyme-based assays except for CCX [40]. In this
work we found that CCX, RV and PXD decreased Des1 activity in intact
cells without modifying the DES1 gene expression. Furthermore, inhib-
itory 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 y-TE, which was not inhibi-
tory in cell lysates but it reduced Des1 activity in intact cells by decreas-
ing 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
[70] and it can be explained by the situation in living cells, which might
allow for a local subcellular enrichment of the inhibitor at its site of ac-
tion, the endoplasmic reticulum. CCX has been reported to inhibit Des1
in cultured HCT116 cells with an ICsg value of 79 pM, but the activity in
cell lysates was not examined [40]. A higher Des1 inhibitory potency has
been found here in intact T98G cells, since around a 90% inhibition was
observed with 50 uM 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 +y-TE, all of which provoke an increase in

dhCer levels by stimulating Cer synthesis de novo and decreasing Des1
activity. Similar results were found with the Des1 active site-directed in-
hibitor XM462. Moreover, y-T, which differs from y-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 ac-
tivity. Nevertheless, myriocin pretreatment reduced the compounds-
promoted increase in dhCer to a much higher extent than it lowered au-
tophagy induction. Furthermore, the compounds ability to induce au-
tophagy was retained in cells with a very low capacity for ceramide
biosynthesis de novo (U87DND) and thus poorly able to accumulate
dhCer in response to DIPACS treatments. These two lines of evidence
support that the DIPACS examined in this study are also able to stimu-
late the autophagic flux independently of dhCer generation and that
dhCer is not the only mediator of autophagy induced by Des1 inhibitors.
Regarding the autophagy outcome, U87DND cells with a decreased
ability to undergo autophagy (U87DND-shAtg5) were significantly
more resistant to RV, PXD and CCX than autophagy competent
U87DND cells (U87DND-shC). These results support that CCX, PXD
and RV-induced dhCer-independent autophagy leads cells to exhaus-
tion and death. In contrast, sensitivity to y-TE was similar in both cell
lines, suggesting that, in our experimental conditions, dhCer-indepen-
dent autophagy and cell death signaling following y-TE treatment act
independently of each other. In contrast, inhibition of early steps of
the autophagic machinery with 3MA increased the sensitivity of
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Fig. 8. Effect of Atg5 silencing on cell viability and proautophagic activity of the test compounds in U87DND cells. A. Cells (shC, U87DND-shC; shAtg5, U87DND-shAtg5) were treated for
48 h with either ethanol or y-TE (28 uM), CCX (33 uM), PXD (1 uM) or RV (18 puM). Western blot images corresponding to one representative experiment. B. Fold of LC3-II/Actin ratios over
sh-C/EtOH. Data are the average 4 SD of three experiments with triplicates. C. Cells were treated with either ethanol or serial dilutions of CCX, PXD, RV or y-TE for 48 h and cell viability was
estimated by the sulphorhodamine B assay. Data are the average + SD of three experiments with triplicates. In C, curve fitting with the sigmoidal dose-response (variable slope) equation
afforded the following CC50 values (M) (95% confidence intervals): U87DND shC: y-TE, 33.2 (31.0 to 35.4), CCX, 39.5 (38.2 t0 40.9); PXD, 1.4 (1.3 to 1.4); RV, 23.8 (22.8 t0 25.0). U87DND
shAtg5: y-TE, 29.9 (27.9 t0 32.0), CCX, 53.6 (51.9 to 55.2); PXD, 2.6 (2.4 t0 2.6); RV, 35.2 (33.4 to 36.6). Data were obtained from 3 to 5 experiments with triplicates. Comparison of fits gave
statistically significant (P < 0.0001) differences between the LogCCs values for CCX (F (DFn/DFd) = 159.8 (1/188)), PDX (F (DFn/DFd) = 544.2 (1/181)) and RV (F (DFn/DFd) = 134.6 (1/
139)). In B, 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).

U87MG cells to DIPACS, supporting that dhCer-mediated autophagy in-
duction occurs prior to the observed effects of the test compounds on
cell viability and that it drives cell survival in the experimental condi-
tions of our assays. In support of a role of dhCer at promoting
prosurvival autophagy, exposure to an exogenous dhCer precursor in-
creased the resistance to PXD of autophagy competent U87DND cells,
but had no effect on autophagy deficient U87DND cells. The finding
that d2C8dhCer induces the autophagic flux in U87DND cells provides
support to the hypothesis that dhCer is protective via the activation of
autophagy. These results are in accordance with previous studies dem-
onstrating a role of dhCer at promoting cytoprotective autophagy in-
duction [50,63], but disagree with reported data showing the
induction of cytotoxic autophagy by dhCer [32,58]. The reasons for
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these discrepancies are so far unclear and they may involve differences
in cell lines (and therefore intracellular targets and metabolic path-
ways) and the cellular context or experimental conditions (i.e. percent-
age of FBS in the culture medium). For instance, the test compounds
may induce cytoprotection of U§7MG cells by dhCer-mediated autoph-
agic degradation of proapoptotic caspase-8 [71]. This is one possibility
deserving investigation.

Although all DIPACS tested in this work induced dhCer accrual, they
had different effects on cell viability. Given the varied nature of the com-
pounds, these results can be explained considering the involvement of
different targets to modulate cell fate. However, the differently N-acyl-
ated dhCer species produced as response to the various treatments
may also contribute to define the cell outcome. Interestingly, PXD and
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DFd) 56.91 (2/53)), but not U87DND shAtg5 cells. C, Representative Western blot image showing the effect of d2C8dhCer at activating the autophagic flux in U87-DND cells. D. Fold-
changes of LC3-II/Actin ratios over control (EtOH). Data are the average + SD of four independent experiments. 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).

RV, the least toxic compounds, produced C24:0-dhCer preponderantly,
while C16-dhCer and C24:1-dhCer were also abundantly increased in
treatments with y-TE and CCX, which exhibited higher cytotoxicity
than PXD and RV. These findings concur with a cytoprotective role for
C24:0-dhCer. However, silencing CerS2, which produces C24:0-dhCer
(and C24:0-Cer) did not increase the sensitivity of U87MG cells to
PXD and RV (data not shown). Furthermore, a selective increase of
(22:0- and C24:0-dhCer has been reported to induce cytotoxicity, not
survival, in T-cell acute lymphoblastic leukemia cells [60]. Regarding
the augmented and reduced levels of C24:0-dhCer and C24:1-dhCer, re-
spectively, in treatments with PXD and RV, a recent report has shown
that genetic ablation of stearoyl-CoA desaturase 1 in 3T3-L1 adipocytes
results in an increased ratio of 24:0 to 24:1 in ceramide, sphingomyelin
and glycosphingolipids [72]. This suggests that the increased ratio of
C24:0-dhCer to C24:1-dhCer in treatments with PXD and RV could
arise from a reduction in stearoyl-CoA desaturase activity. In support
of this possibility, RV and genistein have been reported to inhibit
stearoyl-CoA desaturase gene expression [73,74].

As recently reported for tetrahydrocannabinol [32], another possibility
is that the dhCer/Cer ratios instead of the absolute increase in dhCer levels
resulting in cells after treatment influence the dhCer-dependent autoph-
agy outcome. Clustering analysis of individual dhCer/Cer ratios for the dif-
ferently N-acylated species (Fig. S7) revealed that non-cytotoxic
treatments (RV and PXD) result in lower short chain-dhCer/Cer ratios
than more cytotoxic treatments (y-TE and CCX), with this difference
being especially relevant for the C18-dhCer/Cer ratios. In agreement
with previous reports showing that dhCer counteract the effects of Cer
[68] and supporting dissimilar activities of differently acylated dhCer
[59,60] and Cer species [51-58], the difference in short-chain dhCer/Cer
ratios may contribute to explain the contrasting sensitivity of cells to
the compounds studied here. Although myriocin pretreatment did not af-
fect the sensitivity of US7MG cells to the test compounds despite reducing
all dhCer/Cer ratios, we cannot disregard that prolonged downregulation
of SPT (as in stable knockdowns, for instance) is necessary to upregulate
or downregulate cell death or survival mediators, respectively, while the
transient blockade of SPT does not allow sufficient time to trigger such
hypothetical long-term adaptive responses.

The likely varied molecular mechanisms involved in autophagy
induction by DIPACS and its outcome have not been investigated in

this work. In the light of reported articles, potential mediators in cell
death decisions include ROS. Their generation has been reported to be
activated by RV [75-77] and CCX and some derivatives thereof [78-
80]. However, RV is also known to be a robust scavenger of ROS [81-
83]and both y-TE [84,85] and genistein [86] decrease rather that induce
ROS production. The possibility that dhCer induce ROS has not been in-
vestigated, but it has been reported that dhCer accumulation and ROS
generation are distinct events in leukemia cell death mediated by
fenretinide (another known Des1 inhibitor) [87].

In summary, we have provided experimental evidence that in
T98G and U87MG glioblastoma cell lines, CCX, PXD, RV and v-TE in-
duce autophagy concomitantly with dhCer buildup due to stimula-
tion of Cer synthesis de novo and decreased Desl activity.
However, autophagy activation by these DIPACS is also induced in
conditions of poor dhCer accrual, indicating that other actors be-
sides dhCer are involved in autophagy activation by Des1 inhibitors.
Whether autophagy leads to cell death or survival upon exposure to
Des1 inhibitors most likely depends on the cell type, the cellular
context, the stressing agent and the presence or absence of down-
stream targets. Although experimental evidence is still lacking, we
speculate that the autophagy outcome may be also influenced by
the balance between dhCer-independent and dhCer-dependent
pathways and that the selective production of differently N-acylated
dhCer and Cer species and/or their ratios at specific subcellular
compartments contribute to the survival effectiveness of the
dhCer-dependent pathway.
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Figure S1. Effect of compounds on sphingolipid levels in T98G cells. Cells were incubated
with the compouns at y-T, 50 uM; y-TE, 35 uM; XM462, 100 uM; CCX, 50 uM; RV, 100 uM
and PXD, 50 uM 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. In A, B, and H, 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). In C-G, all dhCer species increased

significantly over the respective vehicle controls (unpaired, two-tailed ¢ test, P<0.01).
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Figure S2. Effect of the test compounds on the autophagic flux in T98G cells. Cells were
treated with CCX (50 uM), PXD (50 uM), RV (100 uM), y-T (50 uM), y-TE (35 uM) and
XM462 (100 uM) 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. 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 bar denote statistical significance (P < 0.05).
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Figure S3. Effect of the test compounds on p62/SQSTM1 levels in US7MG cells. Cells were
treated with CCX (50 uM), PXD (50 uM), RV (100 uM), y-T (50 uM), y-TE (35 uM) and
XM462 (100 uM) for 24 h with or without a preincubation of 2 h with protease inhibitors (PI)
(E64D and Pepstatin A). A. Western blott images corresponding to representative experiments.
B. Histograms showing the relative fold-changes of p62/actin over control (EtOH). Data are the
average = SD of three individual experiments. Asterisks indicate statistically significant
differences between treatments and vehicle (unpaired, two-tailed Student’s ¢ test. P < 0.05).
Symbols § indicate statistically significant differences between treatment in the absence and

presence of protease inhibitors (unpaired, two-tailed Student’s 7 test. P < 0.05).
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Figure S4. Autophagy induction by the test compounds in T98G cells. Representative
images showing the formation of immunostained LC3 puncta after treatment with y-T (50 pM),
v-TE (35 uM), XM462 (100 uM), RV (100 uM), PXD (50 uM) and CCX (50 uM), for 24 h.
Ethanol was used as control and XM462 (100 pM) was used as a positive control.
Magnification, X60. Scaled bar: 10 pum. The percentage of cells with more than five defined
cytosolic green dots is depicted in the histogram. Means are statistically different from vehicle
at *P <0.01, (one way ANOVA followed by Dunnett's Multiple Comparison post-test if

ANOVA P <0.05). Analysis was performed by fluorescence microscopy.
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Figure S5. Effect of myriocin on the activity of the test compounds in T98G cells. Cells
were treated with CCX (50 uM), PXD (50 uM), RV (100 uM), y-T (50 uM), y-TE (35 uM) and
XM462 (100 pM) for 24 h after a 24 h preincubation with myriocin (Myr) (5 uM) 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 S6. Defective de novo ceramide synthesis pathway in U§7DND cells. A. Basal mRNA
levels (as determined by qPCR) of SPTLC1, SPTLC2, CerS2, CerS5 and CerS6 in US7DND
cells. Data correspond to the mean+ SD of five independent experiments with duplicates.
U87MG cells were used as reference controls to ensure that proper primers were used to
amplify the target genes. B. Cer and dhCer levels in U87DND cells treated for 24 h with either
ethanol or the compounds at: y-TE, 28 uM; CCX, 33 uM; PXD, 1 uM; RV, 18 uM (these
concentrations provoked less than 25% cell death). The increase of total Cer and dhCer over
vehicle treated controls is given in C. 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; %, P<0.0005; #, 0.00001 (unpaired, two-tailed ¢ test).
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Figure S7. Hierarchichal clustering heatmap of individual dhCer/Cer ratios in U§7MG
cells after different treatment. High and low dhCer/Cer ratios are marked with red or green,
respectively, and unchanged ratios in black inside the heatmap, as indicated by the colour bar at
the left of 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 y-TE. CCX was enriched

in cluster 3, which was unchanged in RV, PXD and y-TE.
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RESUM
Avaluacié quimiometrica del lipidoma de cél-lules de glioma en resposta a
compostos proautofagics

Objectiu: La hipotesi en la que es basa aquest treball és que els inhibidors de I'enzim
Desl, també poden actuar sobre altres dessaturases del metabolisme lipidic. Aixi, a
part del seu conegut efecte en 'acumulacié de dhCer, podrien provocar alteracions
d’altres espécies de lipids. L’objectiu d’aquest estudi va ser determinar I'efecte dels
inhibidors de Des1 CCX, PXD, RV, y-TE i XM462 en el lipidoma de la linia cel-lular de
glioblastoma T98G, mitjancant I'analisi de MCR-ALS de perfils resolts.

Metodologia: Les cél-lules T98G es van incubar amb el CCX, PXD, RV, y-TE i XM462 a
la concentracid IC,s 0 amb el control EtOH durant 24h. Passat agquest temps es va
realitzar una extraccid lipidica i es van analitzar les mostres per UPLC-TOF. La
identificacid de les espécies lipidigues es va realitzar gracies a bases de dades
propies o externes com LipidMaps. Es va emprar I'analisi MCR-ALS per resoldre
grups de dades que coeluien, i per a la identificacid de possibles biomarcadors es
van avaluar les arees per PLS-DA i per I'analisi estadistic t de Student. Els canvis
entre les espécies lipidigues es van avaluar visualment mitjancant la realitzacié d’un
HCA (“hierarchical cluster analyses™).

Resultats: Es va observar un augment en els nivells de dihidroesfingolipids i/o una
disminucid dels esfingolipids insaturats, que confirma [I'efecte inhibitori dels
compostos estudiats sobre Desl. D’altra banda, també es va observar en els
tractaments amb els compostos, un increment de la quantitat de fosfolipids, si bé
amb una disminucid relativa de fosfolipids que contenien grups acil poliinsaturats.
Aquest comportament s’observa sobretot en les PC, els fosfolipids més abundants en
les cél-lules.

Conclusions: Els resultats obtinguts en I'analisi quimiométric, a part de corroborar
I'efecte del CCX, PXD, RV, y-TE i XM462 sobre la Desl, suggereixen una inhibicié de
les dessaturases d’acids grasos amb la conseqlent disminucid relativa de lipids
insaturats.
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Abstract :

A chemometric analysis was carried out in the human glioblastoma T98G cells exposed
to celecoxib (CCX), phenoxodiol (PXD), resveratrol (RV), y-tocotrienol (GTE) and XM462 or
with a EtOH control during 24 h. After that, there was a lipid extraction and samples were
analyzed by ultra-high liquid chromatography coupled to time-of-flight mass spectrometry
(UHPLC-HRMS).  Multivariate curve resolution-alternating least squares (MCR-ALS)
untargeted analysis was used to solve coeluting groups of data. To identify the lipid species that
varied significantly between treatments, the areas were evaluated by PLS-DA and a t Student's
statistical analysis. We observed an increase in dihydroshingolipids levels confirming the
inhibitory effect of the compounds studied on Desl. On the other hand, there was also an
increase in the amount of phospholipids, although with a relative decrease of the
polyunsaturated species. The results suggest that CCX, PXD, RV, GTE and XM462 apart from
inhibit Des1, may inhibit the fatty acid desaturases.

Keywords : lipidomics, celecoxib, phenoxodiol, resveratrol, fy-tocotrienol, XM462,

chemometrics
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1. Introduction

Liquid chromatography coupled to mass spectrometry (LC-MS) methods are highly used in
omic procedures (e.g., lipidomic studies) since they enable proper analysis of low molecular
weight compounds in biological systems, such as complex lipid mixtures or biomolecules (1).
The generated LC-MS data from each chromatogram are arranged in data sets containing
information of mass-to-charge (m/z), retention times and intensities. Hence, massive amounts of
information-rich MS data are obtained in the analysis of every sample, thus requiring specific
tools for their analysis and interpretation. Among them, a chemometric tool named multivariate
curve resolution-alternating least squares (MCR-ALS) (2), has shown to successfully resolve
extensive LC-MS data sets with strongly co-eluted and hidden peaks in recent omic (e.g.,
lipidomic) studies (3—7). In addition, other chemometric tools such as principal component
analysis (PCA) and partial least squares-discriminant analysis (PLS-DA) can further explore

sample classification/discrimination and allow biomarker discovery (8).

The hypothesis proposes that exposure to dihydroceramide desaturase 1 (Desl) inhibitors
also influences the desaturation of other lipid species apart from the well-known effect on
dihydroceramides (dhCer). The aim of this study was to elucidate the effect of some Desl
inhibitors such as celecoxib (CCX), phenoxodiol (PXD), resveratrol (RV), y-tocotrienol (GTE)
and XM462 in the lipidomic metabolism produced in T98G glioblastoma cell line, using MCR-
ALS resolved profiles.

2. MATERIALS AND METHODS
LC-MS analysis

LC-HRMS analysis was performed using an Acquity ultra-high performance liquid
chromatography (UHPLC) system (Waters, USA) connected to a Time of Flight (LCT Premier
XE) Detector with an Acquity UHPLC BEH Cg column (1.7 pm particle size, 100 mm x 2.1
mm, Waters, Ireland) at a flow rate of 0.3 mL/min and column temperature of 30 °C. Full scan
spectra from 50 to 1800 Da were acquired, and individual spectra were summed to produce data
points each of 0.2 sec. Mass accuracy at a resolving power of 10,000 and reproducibility were
maintained by using an independent reference spray via the LockSpray interference. The mobile
phases were methanol with 2 mM ammonium formiate and 0.2% formic acid (A)/ water with 2
mM ammonium formiate and 0.2% formic acid (B). Phosphatidylcholine (PC), plasmalogen PC,
lyso plasmalogen PC, phosphatidylethanolamine (PE), phosphatidylglycerol (PG), triacyl
glycerol (TAG), sphingomyelin (SM), dihydrosphingomielin (dhSM), dhCer, lactosylceramide
(LacCer), lactosyldihydroceramide (LacdhCer) glucodihydroceramide (GlcdhCer) and sterol

lipids (colic acid and cholesterol sulphate) were analysed under positive ESI.

Chemicals and reagents

Dulbecco’s Modified Eagle Medium, fetal bovine serum, penicillin/streptomycin, Trypsin-
EDTA, RV were purchased from Sigma Aldrich. CCX was purchased from Selleckchem. PXD
was a kind gift of Marshall Edwards Pty Ltd. (New South Wales, Australia). GTE was
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purchased from Cayman Chemical Company. XM462 (9) was synthesized in our laboratories.

Internal standards for lipidomics were purchased from Avanti Polar Lipids.

Cell culture
Human glioblastoma cell line T98G was cultured at 37°C in 5% CO, in Dulbecco's
Modified Eagle Medium supplemented with 10% fetal bovine serum and 100 ng/mL each of

penicillin and streptomycin.

Cell treatment and lipid extraction

Cells were seeded at 1x10° cells/mL into 6 well plates (1 mL/well) and allowed to adhere
for 24 h in complete medium. Medium was replaced with fresh medium containing CCX (50
uM), PXD (50 uM), RV (100 uM), GTE (35 pM) and XM462 (100 uM) from stock solutions in
ethanol at the specified concentrations or EtOH as control. After 24 h, medium was removed;
cells were washed with 400 pL PBS and harvested with 400 uL Trypsin-EDTA and 600 pL of
complete medium. Sphingolipid extracts, fortified with internal standard (C12-sphingosine,
C12-glucosylsphingosine, C12-sphingosylphosphorylcoline and C17-sphinganine, 0.2 nmol
each) were prepared and analysed by UHPLC-TOF-MS as previously explained. Six replicates
were generated per group, except for CCX and GTE treatments, which contained three and four
replicates, respectively. Thus, the current data set included a total of 31 samples, which were
pairwise-analysed so that for each treatment the samples (stressed samples) were compared to

the control (ethanol as vehicle control).

Peak assignment and identification of lipids

For the identification of the potential biomarkers (i.e., components showing significant
differences in control vs stressed samples), both a home-made database of lipids built previously
(5) using the same chromatographic conditions, and also external databases available on-line

such as LipidMaps (http://www.lipidmaps.org) were used. The assigned compound

corresponded to the lipid molecule with the minimum mass error value (< 10 ppm) respect to
the measured m/z, considering the possible adducts in positive ionization mode. The lipid
annotated also had to fulfill an adequate retention time regarding its polarity.
Glycerophospholipids, TAG and DAG species were annotated as <lipid subclass> <total fatty
acyl chain length>:<total number of unsaturated bonds> and sphingolipids <total fatty acyl

chain length>:<total number of unsaturated bonds in the acyl chain>.

Chemometric analysis of LC-HRMS data

For data analysis, first step was the conversion of the original UHPLC-HRMS
chromatographic run recorded for every sample in a NetCDF file, which was further imported
into MATLAB environment. Next, data were loaded into MATLAB workspace and converted
to data matrices, with the retention times in the row dimension and the m/z values in the column
dimension. While constructing these matrices, the size of the original data was simultaneously
reduced using in-house written routines which search for the regions of interest (ROI) and

construct compressed data matrices containing relevant LC-HRMS features (10), with no loss of
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spectral mass accuracy. In a further step, five column-wise augmented data matrices containing
information of two sample groups each were constructed. Then, the generated augmented
matrices were analysed by MCR-ALS (2) in order to resolve co-eluted elution profiles and
hidden peaks of the different sample constituents (lipids), together with their corresponding
mass spectra. In these analyses, the relative areas of the resolved elution profiles for each of the
components in the different sample groups (control and stressed) were also obtained. In order to
explore potential biomarkers, the resolved areas of the MCR-ALS components were evaluated
using two approaches. First, five PLS-DA models were performed, one for each MCR-ALS
resolved augmented data matrix containing information of the areas of the resolved peaks. The
determination of the components (i.e., lipids) showing significant differences was possible by
selecting those variables importance in projection (VIP) with a score value higher than one. The
second approach was to statistically corroborate the previously found potential biomarkers, by
using a two-sample Student’s ¢-Test (P< 0.05). Changes in lipid areas among the distinct sample
classes were visualized by performing five hierarchical cluster analyses (HCA) together with
headmapping display (11), which also allowed examining lipid species showing similar

behavior amongst chemical exposure.

Software for LC-MS data analysis

MATLAB 8.6.0 R2015a and R2015b (The MathWorks, Inc., Natick, MA, USA) were used
as the development platforms for LC-MS data analysis and visualization. A graphical interface
was used to apply MCR-ALS, which additionally provided detailed information about the
implementation of this algorithm. Statistics Toolbox™ for MATLAB, PLS Toolbox 7.3.1
(Eigenvector Research Inc., Wenatchee, WA, USA), Bioinformatics Toolbox™ and other
homemade routines (10) were used in this work. Waters/Micromass MassLynx'" V 4.1
software was used for data set conversion from raw into NetCDF format and as one of the

formula identification platforms through its elemental composition tool.
3. RESULTS

First evaluation of control and stressed LC-MS lipid profiles

The UHPLC-TOF-MS chromatogram information allows us to classify the families of
lipids by their retention time. According to a previous study carried out under the same LC and
MS conditions, lipids corresponding to the families of lyso PC and lyso plasmalogen PC were
the first to elute from the column. Later, the eluted lipids were PC, plasmalogen PC, PE,
plasmalogen PE, PG, Cer, LacCer, dhCer, SM, dhSM, GlcdhCer, LacdhCer and DAG species.
Finally, the last lipid species to leave the column were TAG. Figure 1 is a representation of the
generated data matrices in MATLAB environment corresponding to the LC-MS lipid profiles of
a control sample (see Figure 1A) and five stressed samples belonging to the treatments with
CCX, PXD, RV, GTE and XM462 (see Figures 1B to 1F). In a first approach, UHPLC-TOF-
MS chromatograms of the distinct sample classes were compared. In broad terms, results
suggest differences between control and treatments, especially in the central region of the

chromatogram. However, there was a need to study in greater depth to draw clear conclusions.
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Figure 1. LC-MS profiles once imported into MATLAB environment and after ROI compression and data matrix
construction of A) control sample, B) CCX-stressed sample, C) PXD-stressed sample, D) RV-stressed sample, E)
GTE-stressed sample and F) XM462-stressed sample.
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MCR-ALS results

From the matrices generated on the basis of UHPLC-TOF-MS chromatograms, new
augmented matrices were generated containing information of two samples group each.
Specifically, five augmented matrices were generated: controls and CCX, controls and PXD,
controls and RV, control and GTE, and controls and XM462; arranging samples one at the top
of the other (sample x elution time, m/z values) (see figure S1). MCR-ALS allows the
resolution of multiple coeluted chromatographic peaks generated during LC-MS analysis of
complex lipid samples such as a cell lysate. Moreover, it allows the evaluation of possible
treatment effects in the lipidome of cells. For this reason the information extracted from the LC-
MS data was analysed by MCR-ALS, in order to distinguish elution profiles in the same
retention time and other minority peaks of each of the components (lipids) in samples, all
together with their corresponding mass spectra. In the five MCR-ALS models performed on the
five data sets (i.e., controls and CCX, controls and PXD, controls and RV, controls and GTE
and controls and XM462), 150, 120, 120, 100 and 95 components were respectively resolved,
each one describing a pure elution and mass spectral profile, and a 98.7, 99.1, 99.0, 98.7 and

98.8% of the total variance was respectively explained (see Figure S2).

The elution profiles of the resolved MCR-ALS components in the distinct models were
further examined to select those that described reliable chromatographic peak features and filter
out the ones explaining background instrumental noise or solvent contribution. Thus, the
number of relevant components of the distinct MCR-ALS models resulted in 105, 82, 80, 65
and 69 for the data sets of CCX, PXD, RV, GTE and XM462, respectively.

Identification of lipid species

In order to identify the corresponding lipid species, the exact mass provided in the MCR-
ALS spectra profiles was used. Using the information of exact mass contained in their spectra
profiles, the lipid species were identified. Their relative areas were next used to evaluate their
relative amounts in each sample. In this study, 21 PC, 9 plasmalogen PC, 2 lyso PC, 1 lyso
plasmalogen PC, 2 PE, 3 plasmalogen PE, 2 PG, 9 TAG, 4 SM, 2 dhSM, 2 dhCer, 2 LacCer, 1
LacdhCer, 1 GledhCer lipid, colic acid and cholesterol sulfate species were identified (Table
S2).

It is worth pointing out that it was possible to identify the metabolites of the compounds
tested (see Table S3). In the samples incubated with GTE, two MCR-ALS components were
found, the first descring GTE monomer and the other GTE dimer. In XM462-stressed samples,
XM462 compound itself was detected and also other molecules resulting from its metabolism,
such as the oxidation product (O-XM462) and its glycosylation form (GlcXM462). The other
compounds tested (i.e. CCX, RV and PXD) were not detected since they are expected to elute in
the first minute of the chromatogram and would appear in the chromatographic front (data not

analysed).
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Comparison of MCR-ALS elution and spectra profiles among treatments

In order to draw significant conclusions of the effects caused by the treatments, a
comprehensive study of the MCR-ALS results was performed. The elution profiles were
compared against sample classes in order to elucidate the possible effects of the different cell
treatments. As it can be observed, this is highly useful to evaluate the differences produced in
the elution profiles of stressed samples respect to controls. Among the distinct MCR-ALS
resolved components corresponding to reliable chromatographic peaks, there was a group of
them which presented a significant behavior. Figure 2 shows the elution (see Figures 2A) and

spectra profiles (see Figures 2B) of some of these lipid species, in concrete distinct PC species.
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Figure 2. MCR-ALS elution (a) and spectra (b) profiles of some phosphatidylcoline lipid species presenting up-
regulation (orange, red), down-regulation (light and dark green) or non-variance (blue) after exposure to CCX, PXD,

RV, GTE and XM462. Numbers in the figure correspond to the distinct replicates.
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As expected, the findings corroborate the initial hypothesis, since all treatments seemed to
block the desaturation of the PC. Thus, treatments produced a decrease in the unsaturated
species while an increase or no-change in saturated species in stressed-samples, compared to the
control samples. Treatment with CCX, showed a noted increase in PC 40:4, a moderated
increase in PC 40:5 and a clear reduction in PC 40:7. PXD also showed the same pattern,
increasing the levels of PC 38:4 and decreasing PC 38:6. The same behaviour was observed
with RV, in that case the amount of PC 38:2 increased whereas PC 38:5 and PC 38:6 species
decreased. However, saturated species did not increase due to desaturation blockade after GTE
treatment, since PC 36:1 levels did not vary after treatment, whereas lower levels of PC 36:2
and PC 36:3 were observed. Finally, with XM462 treatment, the amount of PC 34:0 specie
raised, while lower levels of PC 34:1 and PC 34:2 were detected.

The effects of treatments were not only produced on PC species but also in other lipid
families. As mentioned earlier, it is well known that CCX, PXD, RV, GTE and XM462 are
inhibitors of the sphingolipid metabolism enzyme Desl. As expected, among the lipids altered
by the treatments, sphingolipids were also modified. In concrete, it was observed an increase in
levels of dihydrosphingolipids (e.g. dhCer) and/or a decrease of unsaturated sphingolipids (e.g.
SM) which confirms their effect on Desl. In the case of TAG metabolism, it was differently
affected by the treatments: an exposure to PXD and RV caused an increase in TAG species,
both saturated and unsaturated, whereas the treatment with CCX and GTE caused a decrease in

the amount of TAG species.

Statistical comparison of elution profiles

Effects of the distinct cell treatments were thoroughly studied by a statistical comparison of
the calculated areas of the MCR-ALS resolved chromatographic peaks. Two distinct strategies
were used to find components showing significant differences among treatments compared with
control. PLS-DA is performed in order to sharpen the separation between groups of
observations. Thus, if a sample is represented in the region of the space corresponding to a
particular category, it is classified as belonging to that category. All treatments used the same
approach of classification, considering two group classes: controls and treatments. Therefore,
five PLS-DA analyses were applied, considering the same control and one different treatment
each time. Figure 3 shows the PLS-DA scores plot for the five data sets (one for each MCR-
ALS resolved augmented data matrix). In all the cases, the controls are distinguished from the
stressed samples. PLS-DA analysis was also performed for the purpose of obtaining the
variables importance in projection (VIP) scores, which were used to reveal which lipids had a
greatest influence on the discrimination between controls and treated samples. Following the
general criteria for variable selection the threshold value was set on one. Consequently, the
lipids selected as potential biomarkers were those that were associated with a VIP score greater

than one (see Figure S3).

As a second approach, a two-sample Student’s ¢-Test (P<0.05) was performed to

corroborate the biomarker selection by using PLS-DA approach. Finally, only those lipid
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species showing significant alterations in both approaches (VIPs from PLS-DA and Student’s ¢-

Test) were proposed as potential biomarkers (see Table S1).
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Figure 3. Scores of the five PLS-DA models performed with the MCR-ALS resolved areas of the augmented data
matrices containing information of A) controls and CCX samples, B) controls and PXD samples, C) controls and RV

samples, D) controls and GTE samples and E) controls and XM462 samples.

Hierarchichal clustering heatmap of significant lipids among treatments

Once the biomarkers had been selected, through statistical analyses, results were evaluated
using a hierarchical cluster analysis (HCA) and were represented in a heatmap (see Figure 4).
This tool allows grouping lipid species that present similar behaviour and thereby provides a

representation of lipid changes among the distinct sample treatments.
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Figure 4. Hierarchical clustering heatmaps of the peak areas of the identified lipid species in T9SMG cells
(autoescaled data) exposed to A) CCX, B) PXD, C) RV, D) GTE and E) XM462. Degree of change in the stressed
groups compared with the control group is marked with colours inside the heatmap indicating up-regulation (red) and
down-regulation (green), as indicated by the colour bars. Identified lipids are represented in the horizontal axis, and
sample groups in the vertical axis. (1 to 6: replicate number). Numbers in the figure correspond to the distinct
replicates.
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4. DISCUSSION

Application of MCR-ALS on the UHPLC-HRMS lipidomic data together with the
assessment by PLS-DA and the statistical treatment of results, distinguish between the effects
caused by each treatment compared with control samples. Thus, in this case the peak areas of
the resolved elutions profiles showed distinct responses for the lipids of treated versus control
cells, evidencing an effect on the cell lipidome attributed to the presence of the test compounds.
The untargeted methodology used in this study allowed the objective interpretation of the
lipidome, exclusively focusing the attention on lipids showing significant differences among

control and treated cells.

Desl is the last enzyme in the de novo biosynthesis pathway of Cer and catalyzes the
insertion of a double bond in dhCer. The enzyme Des1 as other desaturases, to exert its catalytic
action requires NAD(P)H as electron donor and an electron transport chain with oxygen as the
final acceptor (12). This means that any change in the cellular redox status can modulate the
activity Desl (13). Several drugs and natural products have been exposed as Desl inhibitors
either acting directly on the enzyme or disrupting the electron transport chain essential for its
desaturase activity. Although it has been described that the CCX (14), RV (15) and GTE (16)
increased dhCer levels, its ability to inhibit Desl had not been examined until recently for our
group. In this study, we described CCX and RV along with PXD directly inhibited Desl (17).
Moreover, GTE inhibited the enzyme by altering DEGS! gene expression (17), which is the
gene that encodes for Desl. XM462 is a synthetic compound specifically designed to inhibit the

directly Des1 enzyme (9), based on the enzyme mechanism in desaturation activity.

The hypothesis in this study was Desl enzyme inhibitors might also act on other
desaturases of lipid metabolism. Thus, apart from its known effect on the accumulation of
dhCer, could disturb other lipid species. The aim of this study was to determine the effect of
Desl1 inhibitors CCX, PXD, RV, GTE and XM462 on the glioblastoma cell line T98G lipidome,
through the analysis of MCR-ALS resolved profiles.

As expected, among the lipids altered by the treatments, it was observed changes in
sphingolipids. In particular, there was an increase in the levels of dihydrosphingolipids and/or a
decrease in unsaturated sphingolipids, confirming the inhibitory effect of the compounds
studied on Des1 (17). This effect was observed mainly in dhCer, but also in other more complex
dihydrosphingolipids as dhSM, LacdhCer or GlcdhCer. Among these sphingolipids were only
identified the most abundant species, specifically the C16, C22 and C24 N-acylated.

In the case of GTE and XM462 was also possible to identify the metabolites of the
compounds themselves. As shown in Table S3, the metabolites identified for XM462 included
the XM462 compound itself, the 1-glucosyl derivative (Glc-XM462), as well as the oxidation
product (O-XM462). The identification of XM462 metabolites indicated that this compound is
hydrolysed and metabolised to the 1-glucosyl and 1-oxy derivatives, as described (9). On the
other hand in the samples treated with GTE, it was identified the monomer and the dimer of the
compound. Specifically, most of the product was found as a dimer. Taking into account that

XM462 and GTE were not present in control samples, they have been overlooked in the further
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statistical analysis and they have not been considered as biomarkers. Regarding CCX, RV and
PXD, it had not been possible their identification in the corresponding samples. Due to its polar
nature, are eluted in the first minute of the chromatogram and would appear in the

chromatographic front. That is why they had not been identified in the chemetric analysis.

In addition to changes in the cellular content of sphingolipids and the identification of some
of the own compounds, it was observed in treatments with CCX, PXD, RV, GTE and XM462,
an increase in the amount of phospholipids. Among the phospholipids species identified we
found PC, plasmalogen PC, Lyso PC, lyso plasmalogen PC, PE, plasmalogen PE, PG, TAG and
some sterols lipids. A large percentage of the lipids identified correspond to PC, it is because
these lipids are found in abundance in eukaryotic cells and therefore are easily affected by an
alteration of cell lipidome. It is important to note that the increased levels of phospholipids are
not comparable between the different lipid species. There was observed a relative decrease of
phospholipids containing polyunsaturated acyl groups. These results suggest an inhibition by

tested compounds of some fatty acid desaturases.

In humans there are three fatty acid desaturases, A9 or stearoyl-CoA desaturase, A6 and
A52 (18). The chemometric analysis suggests an inhibition of some fatty acid desaturases by
CCX, PXD, RV, GTE and XM462. Supporting this hypothesis, it is known that RV (19) and
genistein (20) (PXD natural analogue) inhibit the stearoyl-CoA desaturase gene expression. The
fatty acid desaturases, such as Desl, depend on the electron transport chain and are modulated
by cellular redox state (21). Therefore these enzymes are susceptible to the inhibition by the
compounds studied. Thus the results suggest that CCX, PXD, RV, GTE and XM462 might
change the redox cell state and hence downregulate desaturase activity, which requires

NAD(P)H oxidation and oxygen reduction.

Autophagy is a catabolic pathway involving the lysosomal degradation of proteins and
organels to maintain the cellular homeostasis and obtain nutrients and energy under starvation
or hypoxia conditions (22, 23). CCX (24), RV (15) and GTE (16) have been describes as
autophagy inducers in several cell models. In a recent work of our group, we provide further
evidence that dhCer participate in the induction of the autophagic flux by CCX, PXD, RV, GTE
and XM462 in the human glioblastoma cell line T98G (17). The identification of autophagy
biomarkers among the lipids species has not been investigated deeply in this work. However,
the fact that all compounds induce autophagy and the existence of changes in lipid species
common in some samples, suggests the possibility that some of these disturbed lipid species

could be in fact autophagy biomarkers.

In summary we used a chemometric method to identify significantly altered lipids of T98G
cells treated with CCX, PXD, RV, GTE and XM462. The results, in addition to confirm the
effect of the test compounds on Desl, suggest an inhibition of the fatty acid desaturases by the

test compounds with the corresponding relative decrease of unsaturated lipids.
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Figure S1. Augmented LC-MS data matrices of control, CCX-exposed, PXD-exposed, RV-exposed,
GTE-exposed and XM462-exposed cells.
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Figure S2. Output of the 5 MCR-ALS analyses showing purest elution and mass spectra profiles.
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Control and RV: Using 120 components. 98.9583% of variance explained.
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Control and XM462: Using 95 components. 98.8064% of variance explained.
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Figure S3. Variables importance in projection (VIP scores) obtained from five PLS-DA models (see
Figure 3 in the manuscript). Horizontal red line in VIP plots indicate a threshold value of 1.
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Table S1. Potential biomarkers for lipid disruption in T98G cells exposed to CCX, PXD, RV, GTE and
XM462. Lipid species in stressed samples showing significant down- or up- regulation respect to controls
were determined by PLS-DA analyses (VIP > 1) and further two-sample Student’s #-Test (P < 0.05).

Lipid specie Lipid classification Fold change p-values Up (+) or down (-)
regulation

PC 32:0 Glycerophospholipid 1.15 0.00832 +
PC 32:1 Glycerophospholipid 1.24 0.00311 -
PC 34:0 Glycerophospholipid 1.28 0.00318 -
PC 34:1 Glycerophospholipid 1.16 0.00349 -
PC 34:2 Glycerophospholipid 1.32 0.00065 -
PC 36:2 Glycerophospholipid 1.26 0.00139 -
PC 38:3 Glycerophospholipid 2.16 0.00002 +
PC 38:6 Glycerophospholipid 1.30 0.01540 -
PC 40:4 Glycerophospholipid 4.93 0.000003 +
PC 40:5 Glycerophospholipid 1.47 0.01700 +
PC 40:7 Glycerophospholipid 1.94 0.00035 -
Dimer of PC 34:1 Glycerophospholipid 1.57 0.00235 -
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Plasmalogen PC 34:1
Plasmalogen PC 36:2
Plasmalogen PC 38:4
Plasmalogen PC 38:6
Plasmalogen PC 40:5
Lyso PC 18:0

Lyso PC 18:2

PE 36:2

Plasmalogen PE 40:5
Plasmalogen PE 40:6
PG 36:1

TAG 50:1

TAG 50:2

TAG 52:1

SM 16:0

SM 22:0

SM 24:0

SM 24:1

dhSM 16:0

dhCer 16:0
GlcdhCer 16:0

Colic acid

PXD

PC 32:0

PC 32:1

PC 32:2

PC 34:1

PC 34:2

PC 36:2

PC 38:4

PC 38:6

PC 40:4

PC 40:5

PC dimer 34:1

PC dimer 36:1
Plasmalogen PC 34:0
Plasmalogen PC 34:1
Plasmalogen PC 36:4
Plasmalogen PC 38:6
Lyso PC 18:0

Lyso PC 18:2

PE 36:2

PE 40:6
Plasmalogen PE 40:7
TAG 47:1

TAG 48:0

TAG 50:0

TAG 50:1

TAG 52:0

TAG 52:1

TAG 54:1

TAG 54:4

SM 16:0

SM 24:1

dhSM 24:0

LacCer 24:1

dhCer 24:0
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Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerolipid
Glycerolipid
Glycerolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sterol lipids

Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerolipid
Glycerolipid
Glycerolipid
Glycerolipid
Glycerolipid
Glycerolipid
Glycerolipid
Glycerolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sphingolipid

1.14
1.72
2.13
1.57
3.31
1.37
1.40
1.51
1.55
2.08
2.09
1.44
1.26
1.66
1.38
1.55
1.87
1.34
1.73
2.37
1.62
1.20

1.54
1.22
1.34
1.25
1.67
1.42
1.97
1.52
2.34
1.45
1.80
2.16
1.53
1.55
1.19
1.40
2.24
1.62
1.42
1.77
1.26
1.40
1.56
2.67
1.38
2.19
2.04
1.24
3.36
1.34
1.31
3.82
1.46
3.56

0.04040
0.00004
0.00505
0.00033
0.00310
0.0314
0.00668
0.00309
0.00034
3-107
8107
0.00034
0.01680
0.00011
0.00079
0.01280
0.00168
0.00003
0.00135
0.00006
0.00211
0.01070

0.000007
0.02930
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0.00002
0.00051
0.00065
0.00061
0.00008
0.02580
0.00195
0.00737
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0.00003
0.01920
0.00300
0.00107
0.00289
0.00152
0.00011
0.00755
0.00232
0.02010
0.00022
0.00410
0.00848
0.00102
0.00018
0.00235
0.00011
0.00340
0.00303
0.00120
0.00026
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PC 30:1

PC 32:0

PC 32:2

PC 34:1

PC 34:2

PC 35:0

PC 36:2

PC 38:2

PC 38:5

PC 38:6
Plasmalogen PC 32:1
Plasmalogen PC 34:1
Lyso plasm PC 18:0
Lyso PC 18:0

Lyso PC 18:2

PE 40:6
Plasmalogen PE 38:6
Plasmalogen PE 40:5
Dimer of PC 34:1
TAG 48:0

TAG 50:0

TAG 50:1

TAG 52:0

TAG 52:1

SM 16:0

SM 24:0

SM 24:1

dhSM 16:0

dhSM 24:0

LacCer 24:0

dhCer 24:0
LacdhCer 22:0
Cholesterol sulfate

GTE

PC 32:1

PC 34:1

PC 34:2

PC 36:2

PC 36:3

PC 38:2

PC 38:4

PC 38:6

PC 40:4

PC 40:5

PC 40:6
Plasmalogen PC 32:0
Plasmalogen PC 34:0
Plasmalogen PC 34:1
Plasmalogen PC 38:6
Lyso PC 18:0

PE 36:2

PE 40:6

Plasmalogen PE 40:7
v-TE

Dimer y-TE

PG 34:1

PG 36:1

TAG 50:1
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Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerolipid
Glycerolipid
Glycerolipid
Glycerolipid
Glycerolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sphingolipid
Sterol lipids

Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerophospholipid
Glycerolipid

1.42
1.41
1.66
1.27
1.57
1.94
1.48
1.90
1.37
1.59
1.73
1.19
1.20
2.35
1.78
1.48
1.52
1.56
1.51
1.49
2.63
1.30
1.89
1.57
1.30
1.33
1.61
2.00
4.93
1.27
3.84
3.13
1.56

1.39
2.44
1.58
1.54
1.39
1.25
1.60
1.47
6.23
4.98
1.22
1.41
1.46
1.45
1.72
1.60
1.71
1.44
1.60
1.93
20.62
2.89
1.72
1.35

0.00368
0.00091
0.00237
0.00315
0.00036
0.00184
0.00053
0.00427
0.00510
0.00071
0.00021
0.03340
0.00148
0.00097
0.00165
0.00182
0.02880
0.00781
0.01580
0.00635
0.00049
0.00340
0.00745
0.00051
0.01020
0.00096
0.01620
0.00178
0.00003
0.00694
0.00016
0.00031
0.02430

0.00009
0.00004
0.000009
0.000007
0.00005
0.00494
0.000003
0.00035
0.00089
0.00166
0.00680
0.00132
0.02030
0.00009
0.01180
0.00399
0.00009
0.00347
0.000002
0.00001
6:107
81072
0.01070
0.00174

4+ 4+

e B T S S e L

o+ o+ o+

o+ o+t

o+ o+t



TAG 50:2 Glycerolipid 1.21 0.00169 -

SM 16:0 Sphingolipid 1.57 0.00002 -
SM 24:1 Sphingolipid 1.18 0.00091 -
dhSM 16:0 Sphingolipid 2.03 0.00020 +
PC 32:0 Glycerophospholipid 1.96 7-107 -
PC 34:0 Glycerophospholipid 1.69 0.00815 +
PC 34:1 Glycerophospholipid 1.26 0.00001 -
PC 34:2 Glycerophospholipid 1.62 4-107 -
PC 36:1 Glycerophospholipid 1.30 0.00009 +
PC 36:2 Glycerophospholipid 1.28 0.00010 -
PC 36:4 Glycerophospholipid 1.57 2-107 -
PC 38:5 Glycerophospholipid 1.61 9-10°° -
PC 38:6 Glycerophospholipid 1.49 9-10°° -
Plasmalogen PC 34:1 Glycerophospholipid 1.14 0.03840 +
Plasmalogen PC 36:4 Glycerophospholipid 1.26 0.08800 -
Dimer of PC 34:1 Glycerophospholipid 1.63 0.00056 -
PG 36:1 Glycerophospholipid 2.35 0.00011 +
SM 16:0 Sphingolipid 2.62 3-107 -
SM 24:0 Sphingolipid 2.02 2:1071° -
SM 24:1 Sphingolipid 8.07 2-107 -
LacCer 24:0 Sphingolipid 1.76 0.00024 -

Table S2. Elemental composition of glycerophospholipid and glycerolipid species found in T98G cells,
calculated by mass accuracy within error of 10 ppm, with atom constraints and with -0.5 < DBE < 15.0.
DBE: double-bond equivalent. Elemental composition of PC, Plasmalogen PC, Lyso PC, Lyso
Plasmalogen PC, PE, SM, dhSM, Cer, dhCer, LacCer, LacdhCer, GdhCer and sterol species refer to the
[M+H]" ions whereas PG and TAG species refer to ammonium adducts [M + NH,]". Lipid species were
detected under ESI (+) using an UHPLC system coupled to a TOF analyzer with an Acquity UPLC BEH

Csg column (1.7 pm particle size, 100 mm x 2.1 mm).

GLYCEROPHOSPHOLIPIDS

Lipid Lipid Measured Elemental Calculated Error DBE
subclass specie mass (Da) composition mass (Da) (ppm)
PC
30:1 704.5230 C3sH75sNOgP 704.5230 0.0 2.5
32:0 734.5734 C4oHg NOgP 734.5694 54 1.5
32:1 732.5600 C4oH79NOgP 732.5538 8.5 2.5
32:2 730.5451 C4oH77NOgP 730.5387 8.8 3.5
34:0 762.6013 C4HgsNOgP 762.6007 0.8 1.5
34:1 760.5915 C4HgsNOgP 760.5851 8.4 2.5
34:2 758.5770 C4Hg NOgP 758.5694 10.0 3.5
35:0 776.6090 C43Hg7NOgP 776.6169 10.0 1.5
36:1 788.6145 C44Hg7NOgP 788.6164 -2.4 2.5
36:2 786.6005 C44HgsNOgP 786.6007 -0.3 3.5
36:3 784.5800 C44HgsNOgP 784.5851 -6.5 4.5
36:4 782.5711 C44Hg NOgP 782.5694 2.2 5.5
38:2 814.6400 C46HgoNOgP 814.6320 9.8 3.5
38:3 812.6177 C4Hg7NOgP 812.6164 -5.8 4.5
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Plasmalogen PC

Lyso PC

Lyso plasmalogen PC

PE

Plasmalogen

PG

TAG

38:4 810.5974  CyHgNOP  810.6007 4.1 5.5
38:5 808.5861  CyHuNOP  808.5851 12 6.5
38:6 806.5683  CyuHuNOP  806.5694 1.4 7.5
40:4 838.6290  CyHgNOgP  838.6320 3.6 5.5
40:5 836.6080  CyHyNOP  836.6164 -10.0 6.5
40:6 834.5975  CyHgNOP  834.6013 4.6 7.5
40:7 8325817 CuHyuNOgP 8325856 4.7 8.5

| PlasmalogenPC |
32:0 7205840  CyHguNOP  720.5907 9.3 0.5
32:1 7185771 CyHgNOP  718.5751 2.8 1.5
34:0 748.6150  CyoHENOP  748.6220 9.4 0.5
34:1 746.5993  CyoHgNOP  746.6064 9.5 1.5
36:2 772.6140  CyHENOP  772.6215 9.7 2.5
36:4 768.5833  CyuHuNOP  768.5907 9.6 45
38:4 796.6140  CyHgNOP  796.6220 -10.0 45
38:6 7925850  CyHguNOP  792.5907 7.2 6.5
40:5 822.6295  CyHwNOP  822.6377 -10.0 5.5

[LyoPC
18:0 5243671 CyHsNOP 5243711 7.6 0.5
18:2 5203394 CyHsNOP  520.3403 1.7 2.5

| LysoplasmalogenPC__
18:0 5103868  CyHsNOGP  510.3918 9.8 0.5

e |
36:2 7445600  CyHyuNOGP  744.5543 7.7 3.5
40:6 790.5441  CysHpNOGP 7905387 6.8 8.5

PlasmalogenPE_
38:6 750.6057  CyHpNOP  750.5436 0.3 6.5
40:5 778.5699  CysHgNOP  778.5747 -6.2 5.5
40:7 7745497  CyHpNOP 774.5438 7.6 7.5

. |
34:1 766.5634  CyHyuNOwP  766.5598 9.8 1.5
36:1 794.5949  CuHgNOP  794.5949 0.6 6.5
47:1 796.7382  CyHoNOg  796.7394 1.5 2.5
48:0 8247682 CsHoNOs  824.7707 3.0 1.5
50:0 8527984  CsHgNOs  852.8020 4.2 1.5
50:1 850.7836  Cs3H;uNOs  850.7858 2.6 2.5
50:2 8487687  CsH;oNOs  848.7702 1.8 3.5
52:0 880.8301  CssHgNOs  880.8333 3.6 1.5
52:1 878.8143  CssH;sNOg  878.8171 3.2 2.5
54:1 906.8446  CsH;sNOg  906.8489 4.7 2.5
54:4 900.7956  CsHiNOs  900.8015 6.5 5.5

PE
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16:0 703.5699 C;39HggN,OgP 703.5749 -7.1 1.5
22:0 787.6668 C4sHgoN,OgP 787.6688 -2.5 1.5
24:0 815.6940 C47HogN,OgP 815.7001 -7.5 1.5
24:1 813.6824 C47Ho4N,OgP 813.6844 -2.5 2.5
16:0 705.5859 C39HgoN,OgP 705.5911 -7.4 0.5
24:0 817.7094 C47HogN,OgP 817.7162 -8.3 0.5
16:0 540.5334 C;34H70NO;3 540.5356 -4.1 0.5
24:0 652.6566 C4HggNO3 652.6608 -6.4 0.5
24:0 974.7430 Cs4H190sNOq3 974.7508 -8.0 3.5
24:1 972.7320 Cs4H10oNOq3 972.7351 -3.2 4.5

LacdhCer

22:0 976.7572

GledhCer

Cs4sHiosNOy3

976.7659

-8.9

16:0 700.5728

Colic acid 391.2822
Cholesterol 465.3057

sulphate

C4oHgoNOg 700.5727 -7.6 2.5
STEROL LIPIDS

Cy4H3904 391.2848 0.3 5.5

Cy3H46ClO;5 465.3034 0.4 8.5

Table S3. Elemental composition of XM462 and y-tocotrienol and some of their metabolic forms found
in T98MG cells, calculated by mass accuracy within error of 10 ppm, with atom constraints and with -0.5
< DBE < 15.0. DBE: double-bond equivalent. Elemental composition of these species refer to the [M+H]"

ions.

GLYCEROPHOSPHOLIPIDS

Compound Measured Elemental Calculated

mass (Da) composition mass (Da)
v-TE 411.3232 CpsH40, 411.3241
v-TE Dimer 819.6128 Cs6Hg304 819.6147
XM462 446.3656 C,sHs51NO;S 446.3668
0-XM462 462.3597 CysH51NO»3S 462.3602
GlcXM462 608.4172 C;31HgNOgS 608.4196

Error
(ppm)

-71.3
2.6
-2.4
-1.4
1.6

DBE

4.5
6.1
1.8
23
7.2
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RESULTATS ADDICIONALS CAPITOL 3
Eleccié del model cel-lular per I’estudi

Introduccié

El primer punt decisiu en un estudi d’aquestes caracteristiques és I'eleccié del model
cel-lular escaient per estudiar la hipdtesi plantejada. En el procés d’eleccid es va
treballar amb diversos models cel-lulars humans tumorals de cancer de mama i de
glioma. Concretament tres linies cel-llulars de cancer de mama: les MCF-7 amb
receptors d’estrogens i les MDA-MB-231 i MDA-MB-468, cap de les dues amb
receptors d’estrogens perd amb diferent agressivitat. Les MDA-MB-231 sén molt
invasives mentre que les MDA-MB-468 ho sén poc i tenen PTEN (fosfatidilinositol-
3,4,5-trifosfat 3-fosfatasa) mutada. PTEN és una fosfatasa supressora de tumors que
antagonitza la via de senyalitzacid PI3KC1/Akt. També s’empraran dues linies de
glioma huma: les US87MG i les T98G que es diferencien per la seva agressivitat. Les
U87MG provenen d’un astrocitoma, és a dir un tumor primari que apareix en el
parénquima cerebral perd que poques vegades produeix metastasi. D’altra banda les
T98G soén un glioblastoma multiforme també conegut com astrocitoma de grau 1V, el
tumor més comu perd també el més maligne entre les neoplasies de la glia.
Existeixen diverses alteracions genétiques associades amb la formacid i la progressid
dels gliomes com ara mutacions o canvis en la expressid génica. Les alteracions
genétigues més comunes recauen en el receptor del factor de creixement epidérmic
(EGFR), PTEN, p53 o pl6. pl6 és una proteina supressora que codifica pel gen
CDKNZ2A | exerceix un paper essencial en la regulacié del cicle cel-lular alentint la
progressid de G; a la fase S. El rerefons genétic de linies cel-lulars estudiades es
recullen en la taula 2. La informacio s’ha extret de Cobanoglu i col., 2016, Banerjee
i col., 2016%°° i Marzec i col., 2015%°".

MCF-7 MDA-MB-231 MDA-MB-468 T98G U87MG
ERs WT Supressio Supressio - -
PTEN WT WT Mutacio Mutacio Mutacid
p53 WT Mutacidé Mutacidé Mutacio WT
EGFR - - - WT Mutacio
p16 - - - Supressio Supressio

Taula 2: Mutacions genetiques en les linies cel-lulars MCF-7, MDA-MB-231, MDA-MB-468, T98G i U87MG.
EGFR, receptor del factor de creixement epidérmic; ERs, receptors d’estrogens; WT, “wild-type” o no
mutada; -, no és coneix

Materials i métodes

Materials:
Juntament amb els materials descrits en l'article 4 presentat en el capitol 3, es va
emprar la RNAsa adquirida a Roche i el iodur de propidi de Sigma-Aldrich. El kit de
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deteccid d’apoptosi “Annexin V-FITC Early Apoptosis Detection Kit” es va comprar a
Cell Signaling.

Cultiu cel-lular:
Les linies cel-lulars MCF-7, MDA-MB-231, MDA-MB-468, T98G i U87MG es van cultivar
a 37°C, 5% de CO, en DMEM amb un alt percentatge de glucosa i suplementat amb

un 10% de serum fetal bovi i un 1% de penicil-lina i estreptomicina.

Viabilitat cel-lular:

La viabilitat cel-lular es va analitzar amb el métode de la SRB seguint la metodologia
descrita en l'article 4 presentat en el capitol 3.

Analisi del cicle cel-lular:

Les cél-lules es van sembrar en plagues de 6 pous a una densitat de 1x10° cél-lules/ml
(1 ml/pou). Després de 24 h es van incubar les cél-lules amb els compostos o etanol
com a control durant 24 h més. Després d’aquest temps, el medi es va retirar, es va
rentar amb 400 pl de PBS-EDTA 1% BSA i es van recollir les cél-lules amb 400 ul de
Tripsina-EDTA 1% BSA i 600 ul de medi. Les ceél-lules es van centrifugar a 400 g
durant 3 min i el pellet es va rentar dos cops amb 400 ul de PBS-EDTA 1% BSA. Les
cel-lules es van fixar amb 9.5 ml d’etanol 70% i 0.5 ml de PBS durant tota la nit a -
20°C. Les ceél-lules fixades es van centrifugar, rentar amb PBS-EDTA 1% BSA i incubar
amb RNasa (10 pg/ml) i iodur de propidi (0.1 mg/ml en PBS) durant 2h a 37°C. Les
cél-lules tenyides s’analitzen utilitzant un citobmetre de flux Guava Easy-CyteTM.
L’analisi de les dades es va realitzar amb el programa Multicycle AV.

Analisi de 'apoptosi:
Les cél-lules es van sembrar en plagues de 6 pous a una densitat de 1x10° cél-lules/ml

(1 ml/pou). Després de 24 h es van incubar les cél-lules amb els compostos o etanol
com a control durant 24 h més. Com a control positiu d’induccié d’apoptosi es va
utilitzar la CerC8 10 uM. Després d’aquest temps, el medi es va recollir en un falcon i
el pou es va rentar amb 400 ul de PBS-EDTA 1% BSA que es va tornar a recollir en el
mateix falcon. Es van recollir les cél-lules amb 400 ul de Tripsina-EDTA 1% BSA i 600
ul de medi que es va unir al medi ja recollit. Tot el material recollit es va centrifugar a
400 g durant 3 min i el pellet es va rentar dos cops amb 400 ul de PBS-EDTA 1%
BSA. El pellet cel-lular es va ressuspendre en 100 ul del tampd d’'unié a Annexin i es
va addicionar 5 ul d’Alexa Fluor® 488 Annexin V i 1 ul de iodur de propidi (0.1 mg/ml
en PBS). La barreja es va incubar 15 min a temperatura ambient. En el moment de
I’'analisi es van afegir 300 pl del tampd d’unié a Annexin i barrejar la mescla amb el
vortex suaument. Finalment les ceél-lules tenyides es van analitzar utilitzant un
citometre de flux Guava Easy-CyteTM.

Analisi del lipidoma:
La composicid d’esfingolipids es va analitzar per UPLC-TOF seguint la metodologia

descrita en l'article 4 presentat en el capitol 3.
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Analisi de 'autofagia:

L’autofagia es va determinar quantificant els nivells del marcador d’autofagia LC3-II
tant per citometria de flux com per Western Blot. Les cél-lules es van sembrar en
plaques de 6 pous a una densitat de 1x10° cél-lules/ml (1 ml/pou) i es van deixar 24 h.
En la determinacid de la LC3-Il per citometria de flux les cél-lules es van incubar amb
els compostos o etanol com a control durant 24 h més. 2 h abans de recollir les
cel-lules, es van incubar amb cloroquina 20 uM. Després d’aquest temps, el medi es
va retirar, es van rentar els pous amb 400 ul de PBS i es van recollir les cél-lules amb
400 ul de Tripsina-EDTA i 600 ul de medi. Les cel-lules es van centrifugar a 200 g
durant 5 min i el pellet es va rentar dos cops amb 400 ul de PBS. Es va descartar el
sobrenedant i es va ressuspendre el pellet cel-lular amb 100 ul d’una solucié de
saponina adequada (0.1-0.2% en PBS). Es va afegir 600 ul de PBS i centrifugar a 200
g durant 5 min. Es va descartar el sobrenedant i es va incubar el pellet amb I'anticos
anti-LC3 1:20 en 0.01% de saponina durant 20 min a temperatura ambient. Es va
tornar a afegir 600 ul de PBS i centrifugar a 200 g durant 5 min. Es va descartar el
sobrenedant i es va incubar amb I'anticds secundari anti-ratoli 1:20 en 0.01% de
saponina durant 20 min a temperatura ambient i en la foscor. Finalment es va tornar
a centrifugar a 200 g durant 5 min, es va ressuspendre el pellet en PBS i es van
analitzar les mostres utilitzant un citometre de flux Guava Easy-CyteTM. La
determinacid de la LC3-Il per Western Blot es va realitzar seguint la metodologia
descrita en l'article 4 presentat en el capitol 3.

Resultats

El CCX, PXD i RV alteren la viabilitat cel-lular:
En primer lloc es va analitzar 'activitat citotdxica del CCX, PXD i RV en les diferents

linies cel-lulars, valorant la viabilitat cel-lular amb I'assaig SRB i calculant el valor ICsg
(figura 33). Els compostos utilitzats en aquest estudi afecten la viabilitat cel-lular en
les linies cel-lulars treballades en diferent grau. En general les cinc linies cel-lulars es
van comportar de manera similar, sent el CCX el producte que presentava una
toxicitat més elevada amb ICso de 69 uM (MCF-7), 92 uM (MDA-MB-231), 58 uM
(MDA-MB-468), 98 uM (T98G) i 125 uM (U87MG). Sembla ser que les linies de cancer
de mama MCF-7, MDA-MB-231 i MDA-MB-468 eren més sensibles als compostos
estudiats, amb valors de IC5o més baixos, que les de glioma. Aixi, el PXD va mostrar
valors de ICso de 125 uM (MCF-7), 19 uM (MDA-MB-231) i 66 uM (MDA-MB-468).
Mentre que el RV presentava valors ICso de 191 uM (MCF-7), 238 uM (MDA-MB-231) i
108 uM (MDA-MB-468). Per contra el PXD i RV en les linies de glioma van resultar ser
poc eficagos en reduir la viabilitat cel-lular amb valors de ICso per sobre de 200 uM
en ambues linies cel-lulars.
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Figura 33: Efecte dels compostos sobre la viabilitat cel-lular. Les cél-lules MCF-7, MDA-MB-231, MDA-MB-
468, T98G i U87MG es van incubar amb el CCX, PXD i RV durant 24 h i la viabilitat cel-lular es va
determinar amb l'assaig de la SRB. L’ajustament de les corbes dosi resposta a una equacié sigmoidal de
pendent variable va permetre calcular els valors ICso detallats en la figura. Les dades es van obtenir a
partir de quatre experiments amb triplicats

El CCX, PXD i RV aturen el cicle cel-lular:
L’efecte descrit en la viabilitat cel-lular corresponia a una disminucid de la proliferacid
qual inhibien la

cel-lular. Per comprovar el mecanisme per el els compostos
proliferacid cel-lular, es va examinar el cicle cel-lular després de 24 h de tractament
amb CCX, PXD i RV per citometria de flux en totes les linies cel-lulars (figura 34). Es
va escollir treballar amb concentracions dels compostos proximes a la ICys calculades
a partir de les corbes sigmoidals, que oferien el maxim efecte sobre les cel-lules

sense alterar la seva viabilitat.

Com es pot observar en la distribucid cel-lular, en la linia MCF-7 en comparacidé amb
el control, els tres compostos, perd sobretot el PXD, provocaven una aturada
significativa del cicle cel-lular en la fase G,/M. Aquest efecte també es va repetir en
les MDA-MB-231 amb el PXD i RV. En les MDA-MB-468, el PXD també va provocar
una acumulacio de cél-lules en la fase G,/M, perd en canvi el CCX ho feia en la fase Si
el RV semblava no provocar cap efecte sobre el cicle cel-lular. Les linies de glioma
presentaven més diferéncies entre tractaments. El CCX en les T98G aturava el cicle
cel-lular en G;, en canvi en les U87MG no provocava canvis significatius. EIl PXD tal
com passava en les cel-lules de cancer de mama causava una clara acumulacioé en la
fase G,/M en ambdues linies de glioma. Aquest efecte també s’observava amb el RV
en les U87G, mentre que en les T98MG les cél-lules s’acumulaven en G;.
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Figura 34: Efecte dels compostos sobre el cicle cel-lular. Es representa la quantificacio relativa del niumero
de cél-lules en cada una de les fases del cicle cel-lular. Les cél-lules MCF-7, MDA-MB-231, MDA-MB-468,
T98G i US7MG es van incubar amb el CCX, PXD i RV a la concentracioé I1C,s corresponent durant 24 hi es
compara amb l'etanol com a control. Es van analitzar les cél-lules incubades amb iodur de propidi en el
citometre de flux. Les dades corresponen a les mitjanes +SD de tres experiments amb triplicats. Els
asteriscs indiquen una diferencia significativa respecte el control amb EtOH (*P<0.05, **P<0.01,
***P<0.001, prova t de Student de dues cues per dades independents)

Es detecta apoptosi en MCF-7 i MDA-MB-231:

Per acabar de caracteritzar I'efecte del CCX, PXD i RV en les linies de cancer de
mama es va analitzar la induccid d’apoptosi en les concentracions I1Cso i ICys
corresponents a cada compost i linia cellular (figura 35). En funcié de la
fluorescencia del iodur de propidi i ’Annexin V analitzada per citometria de flux, les
cel-lules es distribueixen entre céllules vives, mortes i céllules en apoptosi
primerenca o tardana. L’apotosi inicial i tardana es va induir amb la N-
hexanoilesfingosina (CerC6), que es va utilitzar com a control positiu de la resposta
apoptotica’™®. No obstant, només es va assolir I'efecte esperat en la linia MDA-MB-
231, ja que la CerC6 en les condicions de l'assaig en les cél-lules MCF-7 va resultar ser
massa toxica, mentre que en les MDA-MB-468 no va induir cap resposta.
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Figura 35: Efecte dels compostos sobre la induccié d’apoptosi. Les cél-lules MCF-7, MDA-MB-231 i MDA-
MB-468 es van incubar amb el CCX, PXD i RV a la concentracioé ICso i ICys durant 24 h. Les cél-lules es van
analitzar per citometria de flux després d’una tincid amb iodur de propidi/Annexin V. Es representa el
percentatge de cél-lules vives, en apoptosi inicial, en apoptosi tardana o en necrosi. Es comparen amb un
control negatiu que és I'etanol i un control positiu d’'induccié d’apoptosi, la CerC6. Les dades corresponen
a les mitjanes £SD de dos experiments amb triplicats. Els asteriscs indiquen una diferéncia significativa
respecte el control amb EtOH. Els colors dels asteriscs corresponen amb la llegenda de la figura (*P<0.05,
**P<0.01, ***P<0.001, prova t de Student de dues cues per dades independents)

Sobre I'efecte dels compostos, en les cél-lules MCF-7 incubades amb PXD i RV a les
concentracions més elevades es va observar apoptosi tant inicial com tardana. Amb
CCX, en canvi, mentre que a concentracions baixes no hi havia alteracid de la
viabilitat cel-lular, a la IC5o es detectava necrosi. En les MDA-MB-231 es va detectar
apoptosi amb la IC,s de CCX i a concentracions elevades de RV. Mentre que en la
resta de condicions provades les cél-lules presentaven les caracteristiques propies de
la necrosi. Finalment en les cél-lules MDA-MB-468 no es va detectar apoptosi en cap
condicio, incloent el control positiu amb CerCe6.

El CCX, PXD i RV provoguen una acumulacié de dhCer:

Tenint en compte la hipotesi del treball en que els compostos actuen inhibint la Desl,
es va comprovar el seu efecte analitzant la composicid d’esfingolipids després
d’incubar durant 24 h amb concentracions no toxiques de CCX, PXD i RV mitjancant
UPLC-TOF. Gracies als estandards interns, I'analisi va permetre quantificar cada
espécie d’esfingolipid, observant un major efecte sobre els dihidroesfingolipids, i en
especial les dhCer (figura 36). En totes les linies cel-lulars i amb els tres compostos es
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va veure una acumulacio significativa de dhCer respecte el control amb EtOH, com a
conseqUéncia de la inhibicié de I'enzim Desl. Altres dihidroesfingolipids com les
dhSM o les lactosildihidroceramida (LacdhCer) també van augmentar amb la
incubacié de CCX, PXD i RV (dades no mostrades) tot i que l'efecte va ser més
destacat en les dhCer. En canvi, els esfingolipids derivats de la So (Cer, SM o LacCer)
no van variar de manera significativa respecte els controls (dades no mostrades). Cal
remarcar que en general, en les cél-lules T98G i U887MG l'efecte dels compostos en
l'acumulacié de dhCer va ser més accentuat arribant a assolir més de 1000 pmols de
dhCer per milié de cél-lules. En canvi en les linies de mama i sobretot amb el CCX,
I'efecte sobre les dhCer va ser molt més atenuat.
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Figura 36: Efecte del CCX, PXD i RV sobre les dhCer. Les cel-lules MCF-7, MDA-MB-231, MDA-MB-468,
T98G i U87MG es van incubar amb els compostos a la concentracio IC,s corresponent durant 24 h. L’analisi
dels lipids es va dur a terme per UPLC-TOF. Es representen els pmols/1x10° cél-lules de dhCer per cada
tractament. Les dades corresponen a les mitjanes +SD de tres experiments amb triplicats. Els asteriscs
indiquen una diferéncia significativa respecte el control amb EtOH (*P<0.05, **P<0.01, ***P<0.001, prova t
de Student de dues cues per dades independents)

El CCX, PXD i RV indueixen autofagia en T98G i U887MG:
Degut a que diversos estudis recolzen que les dhCer estan involucrades en la
induccid d’autofagia, es va estudiar la capacitat del CCX, PXD i RV d’induir autofagia

en les mateixes condicions on es veia una acumulacié de dhCer. Es va determinar la
induccid d’autofagia mesurant 'acumulacié de la proteina LC3-Il per citometria de
flux en el cas de les linies de mama i amb Western Blot amb les cél-lules de glioma.
Es va utilitzar la cloroquina o els inhibidors de proteases E64D i Pepstatina A per
bloquejar I'dltim pas de l'autofagia i aixi determinar el flux autofagic. En les MCF-7 i
les MDA-MB-231 es va utilitzar com a control positiu d’'induccié d’autofagia el benzil
isotiocianat (BITC)**? Després de la incubacido amb CCX, PXD i RV durant 24 h,
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Unicament es veu un augment dels nivells de LC3-1l amb BITC. Per altra banda, en les
MDA-MB-468 no es va detectar autofagia, ni tant sols amb el control positiu (figura
37). L’addicid de cloroquina no va provocar un efecte diferenciat respecte els
tractaments sense aquest inhibidor lisosomal (dades no mostrades), el que demostra
gue cap dels compostos en les condicions estudiades provoquen una induccié del
flux autofagic en les linies de cancer de mama.

MCF-7 MDA-MB-231 MDA-MB-468

i R2 I
, t

160 ,

R2

g
:}
50 60

120

Count

EtOH
BITC

Count
20 .40 60 80
Count
1020 30 40 50 60 70 80 90
3
I
1020 30 40

"
o
o

10 102 100 10° 10t 102 it 10 102 10°
Green Fluorescence (GRN-HLoa) Green Fluorescence (GRN-HLoa) Green Fluorescence (GRN-HLog)

-
o
°

Figura 37: Efecte del CCX, PXD i RV sobre la induccié d’autofagia. Les cél-lules MCF-7, MDA-MB-231 i
MDA-MB-468 es van tractar amb BITC durant 24 h i amb cloroquina les ultimes 2 h d’incubacié. Les
cel-lules es van processar i analitzar per citometria de flux després de les incubacions amb els anticossos
anti-LC3 i anti-ratoli/FITC. Es mostren els histogrames representatius del mesurament de la fluorescéncia,
on el pic rosa correspon al control amb etanol i el pic verd és el control positiu amb BITC.

En les cél-lules de glioma es va comprovar la induccid d’autofagia analitzant el flux
de LC3-Il amb I'addicié o abséncia dels Pl E64D i Pepstatina A. L’analisi per Western
Blot de la proteina LC3-Il en les T98G i U87MG incubades amb CCX, PXD i RV va
mostrar un augment dels nivells del marcador d’autofagia respecte el control amb
EtOH. Aquest increment dels nivells de LC3-Il es va intensificar amb la preséncia de
Pl, demostrant que tant el CCX, PXD com RV provoguen una activacié del flux
autofagic en les linies T98G i US7MG (figura 38).
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Figura 38: Efecte del CCX, PXD i RV sobre el flux d’autofagia. Les cél-lules T98G i U87MG es van tractar
amb els compostos a la concentracié IC,s corresponent durant 24 h amb o sense la preincubacié de 2 h
dels Pl (E64D i Pepstatin A). Es mostren imatges de Western Blot d’'un experiment representatiu. Els
valors numérics corresponen als canvis en LC3-ll/actina respecte el control (EtOH).
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RESULTATS ADDICIONALS CAPIiTOL 3
Analisi de ’efecte de ROS en T98G i US7MG

Introduccié

Per determinar els nivells de ROS cellulars es va utilitzar el diacetat de 2,7-
diclorodihidrofluoresceina (H,DCFDA). Aquest sensor és retingut dins la cél-lula i
s’oxida facilment en preséncia de ROS a 2,7-diclorofluoresceina (DCF) que emet
fluorescéncia®>®. Per tant la disminucio de fluorescéncia comparada amb un control
positiu que generi ROS, en aquest cas H,O,, indicara la capacitat antioxidant dels
compostos. El PXD i el RV ja sén reconeguts components amb activitat antioxidant,
perd I'objectiu en aquest estudi va ser analitzar I'efecte del CCX, PXD i RV sobre els
nivells de ROS i la seva repercussio en els nivells d’esfingolipids.

Materials i métodes

Materials:
Juntament amb els materials descrits en l'article 4 presentat en el capitol 3, es va
emprar el sensor H,DCFDA adquirit a Sigma-Aldrich.

Determinacio nivells de ROS:

Les célllules es van sembrar en plaques de 96 pous a una densitat de 6.5x10%
céllules/ml (100 pl/pou) i es van deixar 24 h. Passat aquest temps es va afegir el
sensor H,DCFDA 25 uM (10 ul/pou juntament amb el CCX, PXD i RV en un banc de
dilucions partint de la ICso com a concentracid maxima). Es va incubar la placa 1 h a
37°C i 5% de CO,. Es va aspirar el medi, afegir 'agent oxidant, en aquest cas H,O,, i
incubar les cél-lules 1h més a 37°C i 5% de CO,. Finalment es va llegir la fluorescéncia
en un espectrofotdbmetre en una longitud d’excitacid i emissid de 485 i 516 nm
respectivament.

Analisi del lipidoma:
Les céllules es van sembrar en plagues de 6 pous a una densitat de 2.5x10°

cél-lules/ml (1 ml/pou) i es van deixar 24 h. Es van incubar les cél-lules amb el sensor
H,DCFDA 25 uM (100 pl/pou) juntament amb el CCX i PXD a la concentracié ICys
durant 1 h. Es va aspirar el medi, afegir H,O, i incubar les cél-lules 1 h més. Després
d’aquest temps, el medi es va retirar, es va rentar amb 400 ul de PBS i van recollir les
céellules amb 400 ul de Tripsina-EDTA i 600 upul de medi. La composicid
d’esfingolipids es va analitzar per UPLC-TOF seguint la metodologia descrita en
I'article 4 presentat en el capitol 3.

Resultats

El PXD i el RV, pero no el CCX tenen un efecte antioxidant:
Es va analitzar I'efecte antioxidant del CCX, PXD i RV en les cél-lules T98G i US7MG
mesurant la reduccié de ROS mitjancant el sensor fluorescent H,DCFDA. Es va

utilitzar H,O, com agent oxidant a una concentracié de 30 uM en el cas de les T98G i
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15 uM en les UB7MG. Aguestes concentracions corresponen a la resposta maxima en
generacié de ROS per cada una de les linies cel-lulars sense que s’observi toxicitat
(resultats no mostrats). Com es pot veure en la figura 39, només el PXD i RV van ser
capacos de reduir les ROS generades amb la incubacié amb H,0,, tal com s’esperava
deguda a la seva naturalesa antioxidant.
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Figura 39: Efecte del CCX, PXD i RV sobre la reduccié de ROS. Les cél-lules T98G i U87MG es van incubar
amb H,O, juntament amb els compostos a diferents concentracions i el sensor de ROS, H,DCFDA. La
quantitat de fluorescéncia emesa pel H,DCFDA equival als nivells de ROS. Es mesura la fluorescéncia en
una longitud d’excitacid i emissid de 485 i 516 nm respectivament. Les dades corresponen a les mitjanes
+SD de dos experiments amb triplicats. Els asteriscs indiquen una diferéncia significativa respecte I'H,O,
(*P<0.05, **P<0.001, prova t de Student de dues cues per dades independents)

Entre el PXD i el RV I'efecte antioxidant més acusat va ser amb PXD, ja que va arribar
a reduir la fluorescéncia, i per tant els nivell de ROS, al voltant dels valors del control
de fluorescéncia basal i ho va fer a unes concentracions més baixes que el RV. Amb
el CCX, excepte a la concentracid més elevada assajada, no es va reduir la
fluoresceéncia del sensor i per tant significa que no s’han reduit les ROS. Aquest
comportament s’observa en ambdods models cel-lulars.

Les ROS provoguen un augment de dhCer:

S’escull el CCX i el PXD ('antioxidant que ha resultat ser més eficac en la reduccié de
ROS) per analitzar I'efecte en el lipidoma i relacionar els nivells de ROS amb el
metabolisme dels esfingolipids. Degut al poc temps d’incubacid, només 1 h, només es
va veure alteracié dels esfingolipids en les dhCer i no en altres espécies més
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complexes (dades no mostrades). El que es va observar, representat en la figura 40,
és que a part de I'efecte ja conegut del CCX i PXD en augmentar les dhCer (tot i que
amb 1 h d’incubacidé I'efecte era molt més atenuat de I'efecte observat a 24 h), també
es veia acumulacié de dhCer en les cél-lules incubades amb H,0,. A més, aquest
augment de dhCer s’intensificava al coincubar el H,O, amb CCX o PXD, sobretot en

el cas del tractament amb CCX.
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Figura 40: Efecte del CCX i PXD sobre les dhCer. Les céllules T98G i U87MG es van incubar a la
concentracié 1C,s corresponent juntament amb el sensor de ROS, H,DCFDA, i I'H,O, com agent oxidant..
L’analisi dels lipids es va dur a terme per UPLC-TOF. Es representen els pmols/1x10° cél-lules de dhCer per
cada tractament. Les dades corresponen a les mitjanes +SD de dos experiments amb triplicats i es van
analitzar per one-way ANOVA seguit d’'un test de comparacié multiple de Bonferroni si en TANOVA
P<0.05. Les lletres sobre cada barra indiguen diferéncia significativa entre els grups (P<0.05).
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La majoria d’assajos descrits per a la determinacid de l'activitat CDasa i SIPL
impedeixen l'aplicacidé de procediments HTS. Tenint en compte aquesta mancanca
metodologica, el primer objectiu d’aquesta tesi va ser determinar I’habilitat de les
CDases alcalines per hidrolitzar els substrats fluorogénics RBM14. D’entrada es va
determinar l'activitat CDasa en diferents models cel-lulars mesurant la fluorescéncia
alliberada pels substrats RBM14 quan sén hidrolitzats. En el cas de les CDases
alcalines, es va treballar en microsomes de llisats cel-lulars on les diferents ACERs
estaven sobreexpressades o silenciades. Préviament es van comprovar els fenotips
amb analisis del mMRNA per gPCR, determinant la proteina per Western Blot i
analitzant I’esfingolipidoma per UPLC-TOF.

En primer lloc es va estudiar la capacitat d’hidrolisi dels substrats RBM14 en la linia
cel-lular de ratoli MEF que no tenen el gen ASAH2 que codifica per la NC. Tots els
substrats RBM14, sobretot el RBM14C14 i el RBM14C16, van ser hidrolitzats tant en
llisats a pH basic com en cél-lules intactes.

Seguidament es van preparar microsomes de la linia cel-lular HCT116 que havia estat
transfectada de manera estable amb un shRNA contra 'ACER3. Es van detectar
activitats enzimatiques més baixes amb el RBM14C10, RBM14C12, RBM14C14 i
RBM14C16 en les cél-lules silenciades respecte a les control. Per confirmar la hidrolisi
dels compostos RBM14 per part de 'ACER3 també es va fer I'assaig en cél-lules
HEK293T que sobreexpressaven aquesta CDasa. En agquest cas es va observar una
activitat enzimatica més elevada amb els compostos RBM14C10, RBM14C12,
RBM14C14 i RBM14C16 en les cél-lules que sobreexpressaven 'ACER3, en comparacio
amb les cél-lules control que havien estat tractades unicament amb l'agent de
transfeccié. En analitzar els microsomes de les céllules HeLa ACER2-TET-ON i
ACERIT-TET-ON que sobreexpressaven I'ACER2 i I'ACER1 respectivament en
preséncia de tetraciclina, no s’observa diferéncia en 'activitat enzimatica emprant els
compostos RBM14C10, RBM14C12, RBM14C14 i RBM14C16.

En la determinacid de [lactivitat SIPL també es reflecteixen les mancances
metodologiques observades en el cas de les CDases. Tot i que s’han descrit multiples
aproximacions per determinar la seva activitat enzimatica, en la majoria d’elles no és
possible aplicar procediments HTS. El substrat fluorogénic RBM13 va suposar una
millora en agquest aspecte, perd no es pot utilitzar en cél-lules intactes a causa de que
no pot travessar la membrana plasmatica. Amb I'objectiu de millorar la incorporacid
dins les cél-lules dels substrats fluorogénics RBM13, i els seus analegs millorats
RBM77 i RBM148, es va decidir encapsular els compostos en liposomes cationics. El
gen Sgpl/l de ratoli que codifica per la SIPL es va sobreexpressar en cél-lules
HEK293T i aquestes es van incubar amb els substrats lliures i encapsulats en
liposomes cationics. Es van provar diferents concentracions dels substrats RBM13,
RBM77 i RBM148 encapsulats en liposomes. Després de 3 h d’incubacié es va
mesurar la fluorescencia de la umbelliferona alliberada. En les incubacions
realitzades amb els substrats lliures, sense ser encapsulats, no s’observa
fluorescéncia ja que no poden travessar la membrana cel-lular. No obstant, una
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vegada encapsulats es va detectar fluorescéncia i aguesta va resultar ser dependent
de la concentracié dels liposomes i, tal com s’esperava, era més elevada en les
cél-lules que sobreexpressaven la SIPL en comparacidé amb les cél-lules només
tractades amb l'agent de transfeccid (control). En comparacié amb el RBM13, els
substrats RBM77 i sobretot el RBM148 van ser una millora en termes de sensibilitat
amb una senyal més elevada. També es va verificar la utilitat del RBM148 encapsulat
en liposomes com a substrat de S1PL en les cél-lules MEF que no sobreexpressaven
I’enzim. La fluorescéncia era especifica ja que era més elevada en les céllules
SGPL1"* que les SGPL1" i no es va detectar senyal en les SGPL1”". Degut a que
I'aplicacio principal dels substrats fluorogénics era descobrir nous inhibidors selectius
de la S1PL, es va comprovar l'eficiéncia de la metodologia emprant el substrat
RBM148 encapsulat en liposomes amb els inhibidors 3c i els compostos 87 i 89, que
van resultar actius en les cél-lules HEK293T i MEF.

Finalment I'Ultim objectiu plantejat tracta d’esbrinar la relacid existent entre els
enzims del metabolisme dels esfingolipids, els seus productes i l'autofagia.
Concretament es va aprofundir en les dhCer i la seva implicacié en el desti cel-lular, ja
sigui la mort o la supervivéncia. Es va examinar la capacitat de diferents inhibidors de
Desl (CCX, PXD, RV, y-TE i XM462) per acumular dhCer, estimular 'autofagia i el seu
efecte en la viabilitat cel-lular en dues linies de glioma huma, les T98G i les US7MG.

En primer lloc es va comprovar analitzant la composicié dels esfingolipids per UPLC-
TOF, que en les céllules T98G i U87MG el tractament amb CCX, PXD, RV iy-TE a una
concentracié proxima a la ICys durant 24 h provocava un increment de
dihidroesfingolipids, sobretot de dhCer. La determinacié de l'activitat Desl es va dur
a terme per HPLC acoblada a un detector de fluorescéncia tant en llisats cel-lulars
com en cellules intactes després de ser incubades amb els compostos, i es va
observar que tots els compostos causaven una reduccid de l'activitat Desl. Com a
control positiu d’'inhibicié directa de Desl es va utilitzar el compost XM462. Es van
analitzar els nivells relatius de mRNA de Desl i d’altres transcrits involucrats en la via
de biosintesi de novo de la Cer per gPCR. Tots els compostos provocaven un
augment de I'expressié d’enzims de la via, com és el cas de la SPT o les CerS. D’altra
banda, unicament el y-TE va modificar els nivells de mRNA de Desl.

Per valorar 'impacte que aquests compostos tenien sobre la resta del lipidoma de les
cél-lules de glioma T98G es realitza una analisi per quimiometria dels cromatogrames
obtinguts per UPLC-TOF, d’extractes lipidics de cél-lules tractades amb el CCX, PXD,
RV, y-TE i XM462. S’empra les eines MCR-ALS (resolucié de corbes per minims
guadrats alternats) per resoldre grups de dades que coelueixen i PLS-DA (analisi
discriminant amb minims parcials quadrats) per a la identificacid de possibles
biomarcadors. Els resultats obtinguts van indicar que, a més de variacions en el
contingut cel-lular dels dihidroesfingolipids comentat préviament, es va observar en
els tractaments amb els compostos, un increment de la quantitat de fosfolipids, si bé
amb una disminucié relativa de fosfolipids que contenien grups acil poliinsaturats.
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Per contra, només en el cas dels tractaments amb PXD i RV es va obtenir un
augment dels triacilglicerols (TAG).

Les analisis de Western Blot van mostrar que en les cél-lules tractades amb els
compostos en les mateixes condicions en les que s’havia analitzat I'esfingolipidoma,
hi havia un increment dels nivells de LC3-Il i p62 respecte els controls. Aguest
increment s’intensificava en preséncia d’inhibidors de proteases. També es va
demostrar la capacitat dels compostos per induir autofagia analitzant per
immunoflorescéncia la formacioé dels autofagosomes.

Amb l'objectiu de corroborar el paper de les dhCer en la induccié d’autofagia, es va
analitzar l'efecte d’inhibir la produccié de dhCer sobre els nivells de LC3-Il. La
incubacié amb miriocina (inhibidor de la SPT) va evitar 'acumulacié de dhCer, i tot i
gue es van reduir els nivells de LC3-Il, encara hi havia induccié d’autofagia en
abséncia de dhCer. Aixi mateix es va detectar induccié d’autofagia per part dels
compostos en el model celllular U87DND, una linia celllular incapa¢ d’acumular
dhCer. Quan es va silenciar de manera estable el gen ATG5, essencial per la induccid
d’autofagia en les U887DND, els compostos eren menys toxics. A més la toxicitat dels
compostos en les U87DND control (sense 'ATGS5 silenciat) disminuia en addicionar
dhCer exdgenes. Concretament les cél-lules es van tractar amb PXD en preséncia o
abséncia de dhCerC8 deuterades (d2dhCerC8), un analeg de dhCer que al tenir una
dessaturacio més lenta que la dhCer natural, provoca una acumulacié de dhCer.

Per demostrar la hipotesi de que les dhCer sén protectores a través de la induccid
d’autofagia, es van mesurar els nivells de LC3-ll en les U87DND incubades amb
d2dhCerC8. El tractament amb d2dhCerC8 va provocar un augment dels nivells de
LC3-1l i aquests incrementaven amb els inhibidors de proteases, indicant I'activacid
del flux autofagic. D’altra banda quan es va inhibir 'autofagia amb 3MA en les
cél-lules U87, amb nivells normals de dhCer, els compostos eren més toxics.
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Els esfingolipids, a més de servir com a base estructural de les membranes cel-lulars,
regulen multiples vies de senyalitzacié implicades en diversos processos fisioldgics i
fisiopatologics, entre ells 'autofagia. Es per aixd que els enzims del metabolisme dels
esfingolipids s’han convertit en prometedores dianes terapeéutiques. Entre aquests
enzims destaguen la Desl, les CDases i la STPL que participen directament en el
control de I'lhomeostasi cel-lular mantenint I'equilibri entre la dhCer, la citotoxica
Cer’® i la protectora S1P* per tant tenen un paper clau en la regulacié del desti
cel-lular cap a supervivéncia o mort.

Tot i que s’han descrit métodes per determinar 'activitat CDasa i S1PL, la recerca de
nous moduladors enzimatics a gran escala requereix técniques HTS. Actualment en la
bibliografia aquestes metodologies sdn escasses. Es per aquest motiu que en el
primer bloc d’aquesta tesi es valida I'Us de substrats fluorogénics per analitzar
I'activitat dels enzims CDasa i SIPL, en el capitols 1i 2 respectivament.

El paper de l'autofagia en el desti cel-lular és controvertit. En conseqiéncia, I'Us
d’inductors o inhibidors d’autofagia per proposits terapéutics requereix una recerca
més exhaustiva a nivell molecular. Aixi doncs en el segon bloc d’aquesta tesi, en el
capitol 3, s’estudia la relacid existent entre els dihidroesfingolipids i I'autofagia, i la
seva implicacid en el desti cel-lular.

Capitol 1
Determinacié de I’activitat ACER3 utilitzant aminodiols fluorogénics cumarinics

Les CDases son amidohidrolases que catalitzen la hidrodlisi de les Cer o dhCer per
generar un acid gras i So o Sa, respectivament. Existeixen cinc CDases humanes
codificades per cinc gens diferents. Segons els seu pH optim d’activitat es poden
classificar en acida (AC), neutra (NC) i tres alcalines (ACER1, ACER2 i ACER3). Cada
CDasa té una distribucio en teixits, localitzacid subcel-lular i especificitat de substrat
diferent.

Degut a la validacid de les CDases com a dianes terapéutiques s’ha impulsat el
desenvolupament de noves metodologies per determinar la seva activitat
enzimatica. Inicialment es van desenvolupar com a substrats de les CDases, Cer
S o unides a fluorofors, com NBD"®, BODIPY", lisamina-
rodamina"’ o Nile Red®*. Malgrat I'avantatge d’aquests substrats fluorescents sobre

marcades radioactivament

els métodes radioactius, no sén metodologies aptes per aproximacions HTS. Per
contra, els substrats fluorogénics si que ho sén, ja que no requereixen separacio
cromatografica. El nostre grup va descriure la sintesi i aplicacid dels substrats
fluorogénics RBM14 per determinar l'activitat CDasa. Els RBMI14 son analegs
cumarinics de Cer amb diferents longituds de la cadena alifatica. Els RBM14 sdn
hidrolitzats per les CDases i el grup aminodiol resultant s’oxida quimicament a un
aldehid. Seguidament una B-eliminacid espontania fa que s’alliberi la umbel-liferona
fluorescent.
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Els compostos RBM14 van ser descrits inicialment com a substrats de I'AC. La
finalitat d’aquest primer capitol és determinar si les ACERs també tenen I'habilitat
per hidrolitzar els substrats fluorogénics RBM14.

Per assolir aquest objectiu, es van utilitzar diferents linies cel-lulars on les ACERs
estaven sobreexpressades o silenciades. Préviament es van comprovar els fenotips
amb analisis del mMRNA per gPCR, determinant la proteina per Western Blot i
analitzant I'esfingolipidoma per UPLC-TOF. Primerament es va treballar amb la linia
cel-lular de fibroblasts de ratoli MEF que no tenen el gen ASAH2 que codifica per la
NC (('/')MEF). Tots els substrats RBM14, sobretot el RBM14C14 i el RBM14C16, van ser
hidrolitzats tant en llisats a pH basic com en ceél-lules intactes. Aixd suggereix que
com a minim una de les tres ACERs és capac d’hidrolitzar els substrats RBM14. Quan
es van analitzar els nivells de mMRNA de les ACERs en les cél-lules “/?MEF, es va
observar la preséncia gairebé exclusiva de I"ACER3. Corroborant aquesta
caracteristica, s’ha descrit que 'ACER3 és la CDasa alcalina més activa en una gran
varietat de models cel-lulars i es troba altament expressada en céllules de

fibroblast™.

Seguidament es van preparar microsomes de la linia cel-lular HCT116 que havia estat
transfectada de manera estable amb un shRNA contra TACER3. Tal com s’esperava,
en comparacioé amb les cél-lules control, les HCT116 shACER3 tenien uns nivells de So
i Sa més baixos. Respecte els nivells de Cer, no mostraven un augment molt elevat
respecte el control, perd si que es veien augmentats els nivells d’esfingolipids més
complexos derivats de la Cer com les GlcCer i les LacCer. Aixd s’explicaria pel fet
que, per evitar acumular Cer citotoxiques, s’incrementa el metabolisme d’aquestes
molécules cap a lipids complexos. Es van detectar nivells més baixos de
fluorescencia amb el RBM14C10, RBM14C12, RBM14C14 i RBM14C16 en microsomes de
cél-lules HCT116 shACER3 respecte el control. Els resultats suggereixen que 'ACER3
és capac d’hidrolitzar els substrats RBM14. Per corroborar-ho també es va fer I'assaig
en céllules HEK293T que sobreexpressaven I'ACER3. Es va alliberar una
fluorescéncia més elevada dels compostos RBM14C10, RBM14C12, RBM14C14 i
RBM14C16 en les ceél-lules que sobreexpressaven I'ACER3, en comparacié amb les
cél-lules control que havien estat tractades Unicament amb I'agent de transfeccio.
Per tant aquesta diferéncia d’activitat ens demostra que I'ACER3 és capac
d’hidrolitzar els substrats RBM14.

En incubar els compostos RBM14 amb els microsomes de les cel-lules HeLa ACER2-
TET-ON i ACERT-TET-ON que sobreexpressaven "TACER2 i ’ACER1 respectivament,
es va detectar menys fluorescéncia respecte els controls en preséncia de
tretraciclina. Aixo indica que aquestes ACERs no tenen la capacitat d’hidrolitzar els
substrats RBM14. El fet de que els nivells de fluorescéncia disminuissin, podria indicar
gue la sobreexpressid de 'ACER1 o '’ACER2 provoca una davallada de l'activitat
d’altres CDases. Tenint en compte que l'assaig es fa a pH basic i que I'ACER3
hidrolitza els RBM14, seria aquesta CDasa la que estaria alterada. Tot i que s’ha

descrit que el knockdown d’ACER3 provoca un augment en I'expressio d’ACER2™,
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no s’ha publicat que la sobreexpressido d’'una ACER afecti I'expressid d’'una altra
CDasa. A més, I'analisi dels nivells de mRNA per gPCR no mostren una disminucid de
'expressid d’ACER3 en les HeLa TET-ON ACERT o en les HeLa TET-ON ACER2
(resultats no mostrats). Una possibilitat és que hi hagi una inhibicid de I'enzim,
provocat per I'excés de So/Sa generat en sobreexpressar 'ACER1 o ’'ACER2. En tot
cas, els resultats indiquen que ni 'ACER1 ni 'ACER2 poden hidrolitzar els substrats
RBM14.

La incapacitat d’hidrolitzar els RBM14 per part de I'ACER1 i 'ACER2 es podria
explicar per la seva restrictiva especificitat de substrat. Mentre que 'ACER3 pot
hidrolitzar amb la mateixa eficiencia Cer, dhCer i fitoceramides™; 'ACER1 i 'ACER2
son més selectives per la base esfingoide91 i utilitzen preferentment les Cer com a
substrat™. Tenint en compte que els compostos RBM14 presenten una modificacidé en
la cadena esfingoide, potser és suficient per alterar la seva afinitat per I'enzim. Una
altra possibilitat, en relacid a la longitud de la cadena alifatica del RBM14, és que
'ACER1 i 'ACER2 tenen preferéncia per Cer de cadena molt llargues (>C18)"°%"2,
mentre que '’ACER3 prefereix Cer de cadena llarga, perd no de cadena molt IIargam,
i per tant explicaria perqué 'ACER3 té més afinitat pels substrats RBM14 (C10-C16).
Resultats no publicats del grup emprant nous compostos RBM14 (RBM14C18:]1,
RBM14C22:1 i RBM14C24:1) corroboren que 'ACER3 no té afinitat per Cer de cadena
alifatica tant llarga. En comparacié amb el RBM14C16, la hidrolisi d’aquests nous
substrats va ser menor. No obstant, tot i que 'ACER1 i 'ACER2 si que tenen
preferéncia per Cer de cadena molt llarga, els nous compostos RBM14 tampoc van
resultar ser bons substrats per aquestes CDases.

En resum, a més de I’AC i la NC, de totes les CDases alcalines, s’ha demostrat que
només I’ACER3, i no I'ACER1 ni 'ACER2, pot hidrolitzar els substrats RBM14,
preferentment de cadena llarga. Malgrat que la selectivitat dels substrats per les
CDases pot dependre de la longitud de la cadena alifatica, cap RBM14 va presentar
especificitat per un enzim en particular. Tot i la manca d’especificitat, els substrats
RBM14 sén una eina prometedora per l'aplicacid de técniques HTS destinades a la
recerca de nous inhibidors selectius d’ACER3, que actualment no se’n coneix cap.

Capitol 2
Determinacié de I’activitat SIPL en cél-lules intactes utilitzant sensors fluorogénics
encapsulats en liposomes cationics

La SIPL és un enzim dependent de piridoxal 5-fosfat clau en el metabolisme dels
esfingolipids que catalitza la degradacid irreversible de S1P i dhS1P a hexadecenal o
hexadecanal, respectivament, i PEA. El paper clau de la SIP en la supervivéncia
cel-lular, obra una linia de recerca per intentar trobar inhibidors de la SIPL que
permetin augmentar els nivells de S1P intracel-lulars. Per tal d’aconseguir aquest
objectiu és imprescindible el desenvolupament de técniques HTS per mesurar
I'activitat S1PL.
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S’han descrit diverses metodologies per mesurar I'activitat SIPL utilitzant substrats
radioactius™’, fluorescents"®'' o mesurant per GC/MS o LC/MS derivats dels

142,143,255,2 . . . . N
143255256 Cada assaig té els seus avantatges i inconvenients, pero

aldehids formats
en general sén metodologies laborioses, cares i que no permeten aproximacions
HTS. En un treball previ del nostre grup es va descriure un analeg cumarinic de la
dhS1P com a substrat de la SIPL, el RBM13"*

degradacié del substrat, l'aldehid cumarinic resultant pateix una B-eliminacié

. Una vegada la SIPL catalitza la

espontania a pH neutre o alcali que fa que s’alliberi el producte fluorescent, la
umbel-liferona. El gran avantatge d’aquest assaig és que no necessita separacié de
productes, i per tant permet realitzar assajos HTS. El RBM13 va suposar una millora
en aguest aspecte, pero la seva incapacitat per travessar la membrana plasmatica
impedeix el seu Us en estudis amb cél-lules vives. L’objectiu plantejat és millorar la
incorporacid dels substrats fluorogénics RBM13, i els seus analegs millorats RBM77 i
RBM148, dins la célllula per poder analitzar l'activitat enzimatica de la SIPL en
cel-lules intactes.

144 que és hidrolitzat per la S1PL

recombinant bacteriana i humana®®, i és bon substrat en llisats cel-lulars'*. No
obstant, els seus parametres cinetics per la SIPL sén modestos. Es va suggerir que
analegs del RBM13 en qué I'anell de cumarina es trobés més lluny del lloc d’accié de
la STPL podrien ser millors substrats que el RBM13. En base a aquesta hipotesi, es van
sintetitzar i caracteritzar bioquimicament les sondes RBM77 i RBM148. Aquests nous
compostos van demostrar ser bon substrats de la hS1PL. Els parametres cinétics van
millorar respecte el RBM13 amb unes Vy.x més elevades, sobretot amb el RBM148, i

amb unes Ky menors, especialment amb el compost RBM77. En general, en termes

Inicialment, es va descriure el compost RBM13

de la relacido Vma/Ku, €l RBM77 era el millor substrat, amb una relacid Va/Ku quasi
40 vegades més alta que el RBM13. Finalment els valors de ICsq pel control positiu
d’inhibicié de la SIPL 3¢®’, utilitzant el RBM77 i RBM148 com a substrats, van ser
comparables amb els valors obtinguts amb el RBM13. Aquests resultats confirmen la
fiabilitat dels nous substrats fluorogénics de la S1PL.

Degut a que la S1IPL és un enzim amb una expressio relativament baixa en condicions
normals, va sorgir la necessitat de trobar un model cel-lular on I'enzim es trobés
expressat en nivells adequats per poder analitzar de manera correcta la seva activitat
enzimatica. Es va decidir intentar sobreexpressar el gen Sgp/l de ratoli que codifica
per la SIPL en les linies cel-lulars HEK293T, T98G i HelLa, perd Uunicament les cél-lules
HEK293T van ser transfectades amb éxit en les condicions utilitzades, i per tant va
ser aquesta la linia cel-lular escollida per continuar amb els futurs experiments.

Una vegada es va verificar la sobreexpressid de la SIPL en les cel-lules HEK293T, els
compostos RBM13 i els seus analegs RBM77 i RBM148 es van provar en llisats
cel-lulars com a substrats fluorogénics. Tal com passava en els estudis amb la hS1PL,
les sondes RBM77 i, sobretot RBM148 van resultar ser millors substrats que el RBM13,
obtenint una senyal de fluorescéncia més elevada respecte la senyal basal. A més
amb el nous substrats fluorogénics va ser possible mesurar I'activitat SIPL en llisats
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de cél-llules que no sobreexpressaven I'enzim. Es va estudiar la hidrolisi del RBM13 i
del RBM148 en les céllules de fibroblasts de ratoli MEF SGPL1"*, SGPL1"" i SGPL1”".
Tal com s’esperava, emprant el substrat RBM148, es va observar més fluorescéncia
en les SGPL1"* que les SGPL1"", i no es va detectar senyal en les SGPL1”". Aquests
resultats demostren que en termes de sensibilitat el RBM148 és el millor substrat, ja
gque amb el RBM13, en les condicions emprades, només es va detectar la seva

+/+

hidrolisi en llisats de les cél-lules SGPL1”7".

El grup fosfat present en els compostos RBM13, RBM77 i RBM148, i les seves
estructures lipidiques, obstaculitzen la seva difusié a través de la membrana
plasmatica. Aixd impedeix I'Us dels substrats per mesurar 'activitat SIPL en cél-lules
intactes. Per tal d’evitar aquest inconvenient, es va decidir que I'’encapsulacid en
liposomes catidonics podria ser una alternativa adequada.

La formulacid dels liposomes va consistir en una barreja 1:1 de PC i DOTAP, on aquest
darrer aporta la carrega neta positiva235. Aqguests liposomes cationics sdn atrets per
les carregues negatives de la membrana cel-lular i sén transferits posteriorment als
compartiments endosomals. Una vegada en 'endosoma, a causa de la repulsié entre
carregues, les membranes es desestabilitzen, es trenquen i s’allibera el contingut del
liposoma en el citoplasma243.

Es va decidir utilitzar la técnica de deshidratacid i hidratacid per la preparacié dels
liposomes. L’aparenca de les vesicules es veura influenciada per la seva composicio,
concentracié, temperatura i sonicacié. Degut a que és practicament impossible
reproduir les condicions de sonicacio, és molt dificil obtenir liposomes idéntics cada
vegada que es prepara un nova dissolucid de substrat encapsulat. A més degut a que
el grau de curvatura de les membranes dels liposomes és molt elevat, sdén
estructures inestables que poden tornar a fusionar-se de manera espontania
generant vesicules més grans durant llargs periodes de emmagatzematge238.

La quantitat de producte encapsulat juntament amb la mida de la vesicula, sén les
dues consideracions més importants en la caracteritzacid d’'un liposoma com a
portador de molécules. En aquest cas es van generar liposomes amb un diametre

entre 100 i 200 nm, és a dir vesicules SUV**®

. La quantitat de substrat dins de la
vesicula és defineix com EE. La determinacié de I'EE requereix la separacié dels
liposomes del substrat no encapsulat. Degut a que la ultracentrifugacio és incapac de
sedimentar liposomes menors de 200 nm de diametre, es va escollir la ultrafiltracio
centrifuga com a metodologia de separacid de IiposomesQSs. Aqguesta técnica es basa
en el principi en que el substrat no encapsulat travessa el filtre, mentre que els
liposomes amb un diametre major que el porus del filtre, es queden retinguts.
L’inconvenient d’utilitzar la técnica de deshidratacid i hidratacid per la preparacio
dels liposomes és la seva baixa EE i 'alta heterogeneitat de mida de les vesicules
obtingudes. Una EE reduida és un dels majors obstacles per aconseguir I’'éxit en
I'aplicacié dels liposomes com a transportadors de molécules. En el nostre cas I'EE

calculada pels substrats fluorogénics va ser al voltant de 65%. Tenint en compte que

METABOLISME DELS ESFINGOLIPIDS: NOVES METODOLOGIES | EFECTE SOBRE L’AUTOFAGIA | 209



guan més petita és la mida dels liposomes menor és la seva EE, I'eficiéncia obtinguda
és satisfactoria.

El gen Sgpl/l de ratoli que codifica per la SIPL es va sobreexpressar en cél-lules
HEK293T i es van incubar amb els substrats lliures i encapsulats en liposomes. Es van
provar diferents dilucions d’una solucié de liposomes 3.5 mM de lipid total generats a
partir d’unes solucions 1 o 2 mM de RBM13, RBM77 i RBM148. Préviament es va
comprovar la citotoxicitat dels liposomes, i es va decidir que la maxima concentracio
emprada de liposomes fos 1T mM, i per conseglent 0.58 mM de substrat. En les
incubacions realitzades amb els substrats lliures, sense ser encapsulats, no s’observa
fluorescéncia ja que no podien travessar la membrana cel-lular. No obstant, una
vegada encapsulats es va detectar fluorescéncia i aguesta va resultar ser dependent
de la concentracié dels liposomes i, tal com s’esperava, era més elevada en les
cél-lules que sobreexpressaven la S1IPL. Aixd demostra que un cop encapsulats els
substrats en liposomes catidonics, poden ser alliberats a dins la cél-lula, interactuar
amb I'enzim S1PL i finalment ser hidrolitzats i alliberar umbel-liferona fluorescent. De
la mateixa manera gue passava també en llisats cel-lulars, amb el substrat RBM148
s’obtenen valors de fluorescéncia més elevats. També es va verificar la utilitat del
RBM148 encapsulat en liposomes com a substrat de S1PL en les cél-lules MEF que no
sobreexpressen I'enzim. En comparacié amb el substrat lliure que no es va detectar
fluorescencia, amb els liposomes cationics, el substrat va ser hidrolitzat per la S1PL.
La fluorescéncia era especifica ja que era més elevada en les cél-lules SGPL1* a
les SGPLV/', i No es va detectar senyal en les SGPL1”".

ue

A diferéencia del RBM13 i RBM148, amb el substrat RBM77, lalliberacid de la
umbel-liferona requereix I'Us d’'una dissolucidé de KOH en lloc del tampd glicina
utilitzat amb els altres substrats. Aquest requisit dificultava la mesura de I'activitat en
cél-lules vives, ja que aquestes condicions alcalines afectaven I'estabilitat cel-lular i no
permetien una lectura optima de la fluorescéncia. Per aguest motiu, tot i no assolir
els maxims de fluorescéncia que es podien obtenir amb el RBM77, es va utilitzar el
tampod glicina per alliberar la umbel-liferona. Tenint en compte les limitacions del
RBM77, el millor substrat fluorogénic per mesurar l'activitat SIPL en cél-lules intactes
és el RBM148.

El reactiu de transfeccid escollit per la sobreexpressido de la SIPL va ser la
Lipofectamina 2000°. Es tracta d’un lipid cationic que forma complexos amb les
molécules d’acids nucleics carregades negativament perqué puguin superar la
repulsid electrostatica de la membrana plasmatica i internar-se dins la cél-lula. Per
descartar que la incorporacid dels substrats fos degut a la preséncia de la
Lipofectamina 2000%, es va analitzar I'activitat SIPL en cél-lules HEK293T amb o
sense l'agent de transfeccié. No es va observar diferencies en la fluorescéncia i per
tant es confirma que la Lipofectamina 2000° no actua com a portador del substrat.

Tot i que no tot el substrat estigui encapsulat, els liposomes també poden ajudar a
permeabilitzar la membrana plasmatica. S’ha descrit que els liposomes a part de ser
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endocitats, també poden fusionar-se amb la membrana plasmatica formant part de
I’estructura cel-lular. En aquestes regions on es troben els lipids del liposoma la
membrana és més fluida que la resta de membrana plasmatica, i per tant pot ajudar a

. . N . < 2
la difusié de molécules a dins la cél-lula®®®

. Per tal de rebutjar aquesta hipotesi es van
incubar juntament liposomes buits i substrat lliure. No es va observar fluorescencia i
per tant es demostra que la incorporacié del substrat dins del liposoma és

indispensable pel seu transport a l'interior cel-lular.

La permeabilitat de la membrana plasmatica al RBM148 encapsulat en liposomes es
va determinar per UPLC-TOF. Després de I'extraccid lipidica es va quantificar el
RBM148, la seva forma desfosforilada, RBM148(-P), i la umbel-liferona. Els liposomes
en HBSS van resultar ser forca estables, perd en preséncia de cél-lules, la major part
de la sonda es troba en la seva forma desfosforilada. Malauradament, sense el fosfat
el compost deixa d’actuar com a substrat de la STPL. No obstant, en I'interior cel-lular
es va detectar RBM148, demostrant que I'encapsulacié en liposomes ha permés la
incorporacid del substrat dins la cél-lula. La umbel-liferona degut a la seva capacitat
de travessar la membrana plasmatica, va ser detectada uUnicament en [I'espai
extracel-lular. A més, els nivells d’'umbelliferona més elevats van coincidir en les
cél-lules on la STPL estava sobreexpressada.

L’aplicacié principal dels substrats fluorogénics encapsulats en liposomes és la
recerca de nous inhibidors enzimatics en céllules intactes. Es va comprovar
I’eficiencia de la metodologia amb I'inhibidor 3c, que va resultar actiu en les cél-lules
HEK293T. Seguidament també es va determinar I'efecte dels inhibidors 89 i 87,
molécules analogues a la S1P i So respectivament, que tenen un grup azido enlloc del

+/+

. 2 N ,
grup amino natural ¢ en les céllules SGPL1Y*. Ambdds compostos van resultar ser

inhibidors de la STPL en cél-lules intactes.

En definitiva aquests resultats demostren la validacié dels substrats fluorogénics
encapsulats en liposomes com a una nova metodologia per analitzar l'activitat STPL
compatible amb les aproximacions HTS. En comparacid amb el RBM13, el RBM77 i
sobretot el RBM148 van resultar ser una millora en termes de sensibilitat amb una
senyal de fluorescéncia més elevada, sent el RBM148 el substrat més idoni per tal de
determinar l'activitat STPL en cél-lules intactes.

Capitol 3
Validacié del paper de les dhCer en la induccié d’autofagia i la seva repercussié en
el desti cel-lular

La Desl és I'ultim enzim de la via de biosintesi de novo de la Cer i catalitza la insercié
d’un doble enllac en la dhCer. Gracies a estudis on l'activitat de Desl es troba
reduida, ja sigui utilitzant models cel-lulars knockout pel gen DEST 260
farmacologics de lenzim** s’ha demostrat el paper de les dhCer en multiples

o inhibidors

processos cel-lulars.
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L’autofagia va ser una de les primeres respostes bioldgiques assignhades a les
dhCer®®, perd la seva implicacié en la mort cel-lular o en la supervivéncia continua
sent controvertida. Sén pocs els estudis que descriuen la repercussidé de 'augment
de dhCer en el desti cel-lular. En algun d’ells es descriu que les dhCer afavoreixen la
supervivéencia cel-lular contra agents citotoxics*®, mentre qgue en altres treballs
l'acumulacié de dhCer comporta la mort. Per exemple, emprant diferents models
cel-lulars, el CCX*, y-TE85 i THC* han demostrat induir autofagia citotdxica per un
increment de dhCer.

Davant la disparitat d’informacié sobre el paper de les dhCer en l'autofagia, els
resultats presentats en el capitol 3 es plantegen amb I'objectiu d’establir una
correlacid entre els nivells de dhCer, la induccié d’autofagia i el desti cel-llular. Per
aconseguir aguest objectiu, es van utilitzar compostos i eines farmacologiques que
havien demostrat disminuir l'activitat Desl i estaven descrits com inductors
d’autofagia. Aquest estudi es va dur a terme en col-laboraciéo amb la Yadira Orddiez
emprant les linies cel-lulars de glioma huma T98G i U887MG. Els compostos estudiats
van ser el CCX, PXD, RV, y-T, y-TE i I'inhibidor directe de Desl XM462.

Diversos farmacs i productes naturals han resultats ser inhibidors de Desl i inductors
d’autofagia, com és el cas dels compostos estudiats en aquest capitol. Tot i que s’ha
descrit que el CCX*, RV* y-T84, y-TE85 augmenten els nivells de dhCer, la seva
capacitat per inhibir Desl no ha estat examinada per assajos enzimatics, excepte amb
el CCX. Aquests estudis suggereixen una relacid entre l'autofagia induida pels
compostos i la inhibicié de Desl, perd aquesta connexid no ha estat investigada en
profunditat. El PXD és un analeg de la genisteina, una isoflavona descrita com a

261 No obstant, la capacitat d’induir autofagia per part del PXD

inductora d’autofagia
no ha estat investigada. A més, tot i que la seva estructura fenolica fa pensar que
podria ser un inhibidor de Des1®’, tampoc s’ha estudiat aquest efecte. Finalment, es
va utilitzar com a control positiu d’inhibicid enzimatica el XM462, un inhibidor directe
de Desl que provoca una acumulacio intracel-lular de dhCer®®. Juntament amb el GTN
va ser dissenyat de manera racional per actuar especificament en el centre actiu de

Des1®, i ambdds son utilitzats per esbrinar les funcions bioldgiques de les dhCer®*44,

L’eleccid de les linies celllulars és un primer pas critic en qualsevol projecte
d’investigacid. En el procés d’eleccid es va treballar amb diversos models cel-lulars
humans tumorals de cancer de mama, les MCF-7, MDA-MB-231 i MDA-MB-468, i de
glioma, les T98G i U98MG. En base a la hipotesi plantejada I'objectiu era trobar linies
cel-lulars on els compostos estudiats causessin acumulacié de dhCer i induccid
d’autofagia, per tal de poder investigar la relacié entre els dos processos.

El primer que es va observar és que el CCX, PXD i RV afectaven la viabilitat cel-lular
de manera similar en totes les linies cel-lulars estudiades, sent el CCX el producte que
presentava una toxicitat més elevada. No obstant, la disminucié de la viabilitat
cel-lular no sempre implica toxicitat, sind que podria tractar-se d’'una disminucié de la
proliferacid, és a dir, alteracid del cicle cel-lular. L’aturada del cicle cel-lular és un
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mecanisme que en condicions no aptes per la proliferacidé pot augmentar I'index de
supervivencia. Es per aix0 que va estretament lligat a 'autofagia. En efecte, en totes
les linies cellulars estudiades, exceptuant algunes condicions puntuals, els
compostos van induir aturada del cicle cel-lular. En base a la hipotesi de que el CCX,
PXD i RV son inhibidors de Desl, aquests resultats concorden amb 'efecte descrit de
les dhCer en inhibir el cicle cel-lular®’.

Coincidint amb que les linies de cancer de mama eren més sensibles al CCX, PXD i
RV que les de glioma, es va detectar induccié d’apoptosi en les MCF-7 i MDA-MB-231
després d’una incubacid amb els compostos. L’efecte del RV i el CCX en l'activacio
de l'apoptosi ja havia estat descrit en altres linies cel-lulars tot i que no estava

169,21 s e .
6921 Generalment 'autofagia i 'apoptosi sén

relacionat amb l'acumulacié de dhCer
mecanismes excloents'®® malgrat que en algunes condicions particulars, formen part
del mateix procés cel-lular. La prolongacié d’un estimul autofagic pot acabar en mort
apoptbticasz. En conseqléncia no es va detectar activacié del flux d’autofagia amb
cap compost en les cél-lules de cancer de mama. En les ceél-lules MDA-MB-468 els
compostos estudiats aturaven el cicle cel-lular perd no activaven ni l'apoptosi ni
'autofagia en les condicions treballades. Cal destacar que en les linies de cancer de
mama, 'acumulacié de dhCer deguda a la inhibicid de Desl va ser molt més atenuada
en comparacioé amb les cél-lules de glioma. Segurament aquest el motiu per el qual el
CCX, PXD i RV no van induir autofagia en les cél-lules MCF-7, MDA-MB-231 i MDA-
MB-468. Tenint en compte els resultats exposats i en base a la hipdtesi plantejada, es
va decidir seguir la investigacid Unicament amb les linies de glioma T98G i US87MG.

L’enzim Desl, com altres dessaturases, per exercir la seva accid catalitica requereix
poder reductor NAD(P)H i una cadena de transport d’electrons amb I'oxigen com a
acceptor final®. Es degut a aquesta dependéncia, que les ROS inhibeixen de manera
indirecta Des1 alterant I'estat redox. Per exemple, el tractament amb H,O,, amb la
conseqUent generacid de ROS, incrementa els nivells de dhCer degut a una forta
inhibicio de I'enzim Desl”. A part de I'estrés oxidatiu, també s’ha descrit la inhibicid
de Desl per part d’antioxidants com el RV** o el glutatié?®®? Aixd implica que no
només la induccid de ROS, sind qualsevol canvi en I’estat redox cel-lular, pot modular
I'activitat Des1”".

El RV actua com un scavenger de radicals lliures, com I'’hidroxil (COH) o el superoxid
(Oy), | també com a un potent antioxidant per la seva capacitat de promoure
I'activitat de diversos enzims antioxidants®®®. Les isoflavones també son capaces de
neutralitzar radicals lliures. Entre les isoflavones, la genisteina (analeg natural del
PXD) té la major capacitat antioxidant. La genisteina tal com passa amb el RV,
elimina radicals lliures nocius perdo també incrementa [I'activitat dels enzims
antioxidants?®?, L’objectiu d’aquests enzims com ara la superdxid dismutasa (SOD),
catalasa, NADPH oxidasa, glutatié reductasa i glutatié peroxidasa, és protegir les
cél-lules contra els efectes nocius de les ROS. L’habilitat dels polifenols (com el RV i
el PXD) per actuar com a antioxidants depén de les propietats redox dels seus grups

. - . . . L. 2]
hidroxil i del seu potencial de deslocalitzacid electronica 3
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En les linies cel-lulars T98G i U887MG tal com s’esperava degut a la seva naturalesa
antioxidant, el RV i el PXD, i no el CCX, redueixen els nivells de ROS generades amb
la incubacid amb H,O,. Amb l'objectiu d’estudiar I'efecte de ROS sobre l'activitat
Desl, es van analitzar els nivells de dhCer en preséncia de H,O, com agent oxidant
juntament amb PXD o CCX. Només es van analitzar les dhCer, ja que a temps tant
curts d’incubacié (1 h), no es van apreciar diferéncies en la resta d’esfingolipids més
complexes. En vista dels resultats presentats, sembla que l'augment de ROS i
lacumulacié de dhCer poden ser processos independents (figura 41). Tant la
generacidé de ROS (H,0,), la reduccié de ROS (PXD i RV) o el fet de no alterar I'estat
oxidatiu (CCX), provocaven un augment dels nivells de dhCer. Aixd suggereix que la
via per la qual H,0, inhibeix Desl és independent de la via per la qual ho fan el PXD,
RV i CCX. Per aquesta rad al incubar juntament PXD amb H,O, i CCX amb H,0O, es va
observar un augment de dhCer més elevat que els tractaments per separat.

H,0, PXD ccX

ROS
Desl

Desl
fdhCer —— Cer YdhCer —— Cer

Figura 41. Mecanisme d’accié hipotétic de CCX, PXD, RV i ROS en la inhibicié de Desl

El PXD paral-lelament de la inhibicid sobre Desl1 redueix les ROS i per tant disminueix
'efecte de H,O, sobre Desl. D’altra banda el CCX al no intervenir en el procés
oxidatiu, en el tractament amb H,O, es va aconseguir acumular dhCer per les dues
vies, a través de les ROS (H,0,) i la via independent de ROS (CCX). Es per aquest
motiu que en incubar PXD amb H,O, els nivells de dhCer no van ser tant elevats com
amb la incubacié de H,O, amb CCX.

Tal com indicava la hipotesi, tots els DIPACS estudiats, exceptuant el y-T,
provocaven una acumulacié de dihidroesfingolipids, sobretot dhCer en les cél-lules
de T98G i U8S7MG. Tot i que els resultats suggereixen una inhibicid de Desl, només
amb el CCX esta descrita 'accid sobre Desl mitjancant assajos enzimatics, amb una
ICso al voltant de 80 uM49. L’assaig enzimatic de Desl va mostrar que el CCX, PXD i
RV reduien l'activitat Desl en llisats cel-lulars i en cél-lules intactes sense alterar
'expressid génica de DES]. En les condicions emprades, els DIPACS no alteraven
I'activitat d’altres enzims clau del metabolisme dels esfingolipids, com ara les CDases
o la STPL (resultats no mostrats). Aixd demostra que aquests compostos actuen de
manera directa sobre I'enzim o bé interactuant amb l|la cadena de transport
d’electrons associada a Des1®’. D’altra banda el v-TE només va reduir I'activitat Desl
en cel-lules intactes alterant la seva expressid génica. En analitzar altres transcrits
involucrats en la via de biosintesi de novo de la Cer, es va observar que el CCX, PXD,
RV i y-TE provocaven un augment de I’expressié d’altres enzims de la via com la SPT
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o les CerS. Aquests resultats demostren que els DIPACS provocaven un augment de
dhCer tant per la inhibicid de Desl com per I'estimulacid de la via de biosintesi de
novo dels esfingolipids.

Per valorar I'impacte que els DIPACS tenien sobre la resta del lipidoma es realitza
una analisi per quimiometria dels cromatogrames obtinguts per UPLC-TOF,
d’extractes lipidics de cél-lules T98G tractades amb el CCX, PXD, RV, y-TE i XM462.
S’empra les eines MCR-ALS?®® per resoldre grups de dades que coelueixen i PLS-DA
per a la identificacid de possibles biomarcadors®®®. Com era d’esperar, entre els lipids
alterats pels tractaments, es van observar modificacions en els esfingolipids. En
concret, es va observar un augment en els nivells de dihidroesfingolipids i/o una
disminucid dels esfingolipids insaturats, que confirma [I'efecte inhibitori dels
compostos estudiats sobre Desl. A més d’aquestes variacions en el contingut cel-lular
dels esfingolipids, es va observar en els tractaments amb CCX, PXD, RV, y-TE i
XM462 un increment de la quantitat de fosfolipids, si bé amb una disminucid relativa
de fosfolipids que contenien grups acil poliinsaturats. Finalment, només en el cas dels
tractaments amb PXD i RV es va observar un augment dels TAG.

En els humans existeixen tres dessaturases d’acids grassos, A9 o estearoil-CoA
dessaturasa, A6 i A5%®’
posicions especifiques dels acids grassos, en C9, C6 i C5 respectivament. Els

. Aquestes dessaturases introdueixen un doble enllac en

resultats obtinguts en I'analisi quimiomeétric suggereixen una inhibicié per part dels
DIPACS de les dessaturases d’acids grasos. Recolzant aquesta hipotesi, es coneix
gue el RV i la genisteina (analeg natural del PXD) inhibeixen I'expressidé génica de la
estearoil-CoA dessaturasa®®®%%°. Aqguests enzims, tal com passa amb la Desl, depenen
de la cadena de transport d’electrons, son modulables per I'estat redox cellular®” i
per tant també sdn susceptibles a la inhibicid pels compostos estudiats.

Tot i que les dhCer inicialment es van considerar intermediaris de les Cer, actualment
sén moltes les evidéncies que demostren que sén elements clau per diverses vies de
senyalitzacid cel-lular, entre elles I'autofagia. Mesurar els nivells d’expressid de la
proteina LC3 segueix sent el principal metode per estudiar 'autofagia. Tot i que la
LC3-| es troba en el citosol, la forma LC3-1l esta associada als autofagosomes, per la
qual cosa és un indicador de la iniciacid de I’autofagia27o. Generalment la
determinacid dels nivells de LC3-Il es realitza per Western Blot. Els nivells de LC3-I
en general es mantenen estables durant l'autofagia, ara bé, poden disminuir si la
lipidacid a LC3-Il és excessiva o el reciclatge de la LC3-Il per accié de I’Atg4 no és
suficient. Els nivells de la LC3-ll tampoc sén constants durant el procés de
'autofagia. Si bé en la iniciacid del procés la LC3-Il s’lacumula en els autofagosomes,
al final en el lisosoma es degrada juntament amb el contingut de la vesicula. Es per
aixo que per determinar de manera correcte els nivells d’autofagia és imprescindible
I’ds d’inhibidors de la degradacid lisosomal®”. Si en preséncia d’inhibidors de
proteases, els nivells de LC3-Il augmenten respecte 'abséncia dels inhibidors, es pot
afirmar que existeix una induccid del flux d’autofagia. Ara bé, si el flux autofagic esta
inhibit, els nivells de LC3-1l no augmentaran tot i el bloqueig lisosomal.
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El receptor p62 es pot utilitzar també per determinar 'autofagia. La proteina p62 pot
estar present en la seva forma soluble en el citosol o associada a proteines marcades
amb ubiquUitina. Per tant no només és especifica de l'autofagia, sind també de la
degradacid de proteines en els proteosomes. Aixi i tot, si es vol mesurar per
determinar el flux autofagic, és imprescindible I'Us d’inhibidors lisosomals per evitar
la seva degradacid. Existeixen altres métodes independents de Western Blot per
analitzar I'autofagia. La visualitzacidé dels autofagosomes per immunodeteccié de la
LC3 (LC3 puncta) en cel-lules fixades o en teixits, és un meétode altament utilitzat tot
i que cada vegada menys acceptat. El motiu determinant és que la quantificacié dels
nivells de LC3 estatics com analitzar 'autofagia per LC3 puncta, és una determinacio
incompleta i erronia del procés autofagic.

En les mateixes condicions en que el CCX, PXD, RV i y-TE disminuien l'activitat Des]
amb la conseqlent acumulacié de dhCer, es va detectar activacid del flux autofagic
en les cél-lules de glioma T98G i U887MG. Aquest flux d’autofagia es pot observar en
l'acumulacié de LC3-1l i p62 que s’incrementa en preséncia d’inhibidors de proteases,
i en la formacid d’autofagosomes (LC3 puncta). Resultats similars, és a dir augment
de dhCer i induccid d’autofagia, es van obtenir amb el control positiu d’inhibicid de
Desl XM462. A més, el y-T no va induir autofagia, com tampoc era capag¢ d’inhibir
Desl i promoure I'acumulacid de dhCer. Aquests resultats recolzen que les dhCer
participen en la induccié del flux d’autofagia.

El tractament amb miriocina (inhibidor de la SPT), al bloquejar el primer pas de la
biosintesi de novo de la Cer, evita 'acumulacié de dhCer per part dels DIPACS. Amb
la incubacid amb miriocina, tot i que es van reduir els nivells de LC3-Il, encara hi
havia induccié d’autofagia en abséncia de dhCer. Aquest no és el cas del CCX, que la
incubacid amb miriocina evita 'acumulacié de dhCer, perd en canvi no afecta a la
induccid d’autofagia. També es va treballar amb la linia cel-lular U87DND, unes
cél-lules incapaces d’acumular dhCer degut a la baixa expressid de diversos enzims
de la via de la biosintesi de novo dels esfingolipids. EI CCX, PXD, RV i y-TE també
activaven l'autofagia en aquesta linia cellular. Aquestes dues aproximacions
experimentals demostren que els DIPACS sén capacos d’estimular l'autofagia
independentment de la generacié de dhCer i per tant que les dhCer no sén un
requisit estrictament necessari per la induccié d’autofagia.

Amb l'objectiu d’estudiar el desti de les cél-lules en autofagia, es va silenciar de
manera estable el gen ATG5, necessari per la induccidé d’autofagia, en les cél-lules
U87DND (U87DND-shAtg5). Tot i l'existéncia d’una via alternativa d’autofagia
independent d’Atg5 i Atg7159, 'abordatge més correcte per demostrar el paper de
'autofagia en un determinat procés cellular és el silenciament d’aquests gens.
Diversos estudis mostren les dificultats associades en inhibir la Beclin 1i els reptes
gue suposa interpretar els resultats. La Beclin 1 presenta efectes paradoxals en
'autofagia ja que tot i ser una coneguda inductora d’autofagia, la seva interaccio
amb Bcl-2 provoca la inhibicidé de la fusid entre 'autofagosoma i el lisosoma, i per
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tant provoca una aturada del procés autofagic™’“. Degut als efectes contradictoris de
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Beclin 1, es va decidir silenciar de manera estable 'ATG5. Es va comprovar el fenotip
de la linia U87DND-shAtg5 analitzant per Western Blot el flux de LC3-Il. Es va
detectar una disminucié de I'autofagia en comparacié amb el control (U87DND-shC)
tot i que encara hi havia una autofagia basal. Aixd pot ser degut a que el
silenciament génic no és complet i encara hi ha una minima expressidé d’ATG5, perd

també podria ser degut a una activacié de l'autofagia alternativa'®.

En relacié al desti cel-lular, el CCX, PXD i RV van resultar ser menys toxics en les
cél-lules U87DND-shAtg5. Aixd0 suggereix que la via d’induccié d’autofagia
independent de dhCer és citotoxica. Altrament, la sensibilitat de les U87DND-shC i
les U87DND-shAtg5 al y-TE va ser similar, aixd implica que en les condicions
emprades, la toxicitat del y-TE no esta relacionada amb la induccié d’autofagia
independent de dhCer. Corroborant el paper citoprotector de les dhCer, la toxicitat
del PXD en les cél-lules U87DND-shC va disminuir en addicionar precursors de dhCer
exogens (d2dhCerC8). Aquest efecte perd, no es va observar en les céllules
U87DND-shAtg5 on l'autofagia esta inhibida. Per demostrar la hipotesi de que les
dhCer sén protectores a través de la induccié d’autofagia, es va comprovar que les
d2dhCer8 activaven el flux autofagic en les cél-lules US87DND. Aixd explica perque les
d2dhCerC8 no alteren la viabilitat cel-lular en les cél-lules U87DND-shAtg5, ja que no
és possible activar 'autofagia protectora.

D’altra banda quan es va inhibir 'autofagia amb 3MA en les cél-lules US87MG, cél-lules
amb la capacitat d’acumular dhCer, els DIPACS eren més toxics. Aquest resultats
recolzen que la via d’induccid d’autofagia dependent de dhCer és un mecanisme de
supervivéncia cellular. Les limitacions de la 3MA en inhibir l'autofagia soén
conegude5273. La 3MA principalment és un inhibidor de les cinases PI3KC3 com
Vps34, que indueix 'autofagia a través del complex amb Beclin 1, i per tant inhibidors
de PI3BKC3 com la 3MA suprimeixen 'autofagia. No obstant, també s’ha descrit que la
3MA pot inhibir les cinases PI3KC1?’4. La via de regulacié PIZKC1/Akt/mTOR és la
principal via d’inhibicié de l'autofagia i com a conseqUéncia de la inhibicid de la
PI3KC1, es promou l'autofagia (figura 42).

/\ —> Gens Atg \
SMA AUTOFAGIA
»@9 AKT —> mTOR)\

Figura 42. Efecte dual de la 3MA en l'autofagia

A més les cinases PIZKC3 també regulen altres processos com I'endocitosis®”>. Es per
aixdo que la 3MA no afecta especificament l'autofagia. A més, la via alternativa
d’autofagia és independent de Vps34, i per tant insensible a la 3MA. En base aquesta
informacid, seria adequat corroborar els resultats obtinguts amb la 3MA en cél-lules
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U87MG que tinguin silenciat de manera estable algun gen essencial per la induccid
d’autofagia com ATG5 o ATGY.

Amb relacié a I'efecte dels DIPACS sobre la viabilitat cel-lular, existeixen diferéncies
entre els compostos, malgrat tots ells indueixen una acumulacié de dhCer. Una
possibilitat és que aquestes diferéncies podrien dependre de les espécies de dhCer
N-acilades generades en resposta al tractament de cada compost. En el cas dels
compostos menys toxics, el PXD i el RV, s’observa una preferéncia per 'acumulacio
de dhCer C24:0. En canvi, el y-TE i el CCX que presenten una toxicitat més elevada,
provoquen una acumulacid més abundant de dhCer C16 i C24:1. Aixd suggereix que
les dhCer C24:0 tenen un paper citoprotector en les cél-lules de glioma, malgrat que
s’ha descrit que un increment selectiu de dhCer C22:0 i C24:0 indueixen autofagia
citotdoxica en linies cel-lulars de leucémia limfoblastica aguda de cél-lules T,

Una altra possibilitat per explicar les diferéncies en la toxicitat dels DIPACS és que el
desti cel-lular de I'autofagia depengui de la relacié dhCer/Cer enlloc de 'augment
absolut dels nivells de dhCer. El PXD i RV, que sén els compostos menys toxics, en
les cél-lules US7MG provocaven una disminuciéo de la relacid dhCer/Cer per les
espécies de cadena curta (sobretot dhCer/Cer C18), en comparaciéo amb el y-TE i el
CCX, que presenten una toxicitat més elevada. Aquesta teoria recentment ha
explicat els efectes observats amb I'inhibidor de Desl THC?®.

Els mecanismes moleculars implicats en la induccié d’autofagia pels DIPACS no ha
estat objecte d’estudi en aquesta tesi. No obstant, si que gracies als resultats
obtinguts, es pot afirmar que existeix una via d’induccié d’autofagia dependent de
l'acumulacié de dhCer i una altra via alternativa independent de dhCer. Possiblement
la via dependent de dhCer esta implicada en I'estrés del ER*®. Les dhCer, com les Cer,
es generen en el ER, i increments en la relacid dhCer/Cer en aquest organul, fa que
augmenti la rigidesa de la seva membrana i s’alteri la seva funcionalitat. Aixo pot
arribar a desencadenar l'estrés del ER. La resposta UPR és la principal via de
senyalitzacid de 'estrés del ER. La UPR, com el seu nom indica, s’activa en resposta a
una acumulacié de proteines mal plegades o desplegades en el lumen del ER.
L’activacioé d’aguesta via té dos objectius ben diferenciats: activar la via de produccid
de xaperones involucrades en el correcte plegament de les proteines; o per altra
banda si no s’aconsegueix el primer propdsit, o 'anomalia persisteix, la UPR és un
potent estimul d’autofagia. Les tres vies de senyalitzacié que conformen la UPR
estan iniciades per tres proteines associades a la membrana del ER: PERK (“PKR-like
elF2a quinase”), ATF6 (activador del factor de transcripcid 6) i IRET (“inositol
requiring enzyme 17), totes tres es troben normalment inactivades per la xaperona
BiP. Al ésser reclamades per la UPR, PERK i ATF6 s’alliberen de BiP, s’activen i
actuen com a inductors d’autofagia. Per contra, IRET actua com a regulador negatiu
de l'autofagia. La forma activa de PERK activa la transcripcié de LC3 i Ath276 i
indueix positivament el factor de transcripcido NF-kB que entre altres proteines regula
la Beclin 1, inductora d’autofagia180. Encara que l'objectiu predominant de I'estrés del
ER és la induccidé de I'autofagia, més que la seva inhibicio, és possible que IRET actui

218 | DISCUSSIO



per esmorteir 'autofagia excessiva per accid de la via PERK o ATF6. Una altra via
d’activacidé de l'autofagia dependent de dhCer podria ser la via que inclou les
proteines PI3ZKC1/Akt/mTOR. Es coneix que la Cer és un supressor d’Akt i per tant
interfereix en la via de senyalitzacid de PI3KCI/Akt/mTOR amb la conseqUent
induccid d’autofagia163. No obstant, en el mateix estudi van descriure que aquest

mecanisme activat per les Cer C2 no s’activava amb les dhCer c2'®*,

Els resultats obtinguts amb la incubacidé dels DIPACS amb la miriocina i els assajos en
les céllules U87DND demostren I'existéncia d’una via d’induccié d’autofagia
independent de dhCer. Juntament amb la via PI3BKC1/Akt/mTOR, la via AMPK és el
principal mecanisme de regulacié de [lautofagia. L’activacidé d’AMPK esta
generalment controlada per la CaMKK (“Ca®" calmodulin dependent kinase kinase”),
una cinasa dependent de calci?”’. El Ca®* és un potent i6 de senyalitzacio intracel-lular
gue exerceix un paper essencial en multiples processos, com per exemple l'autofagia.
Es pot estimular 'autofagia a través d’'un increment de la concentracié de Ca®" en el

278

citosol que resulta en l'activacio de CaMKK*'". En relacid al possible mecanisme dels

DIPACS en l'autofagia, s’ha demostrat que el RV indueix autofagia a través de

laugment de Ca®"intracel-lular que comporta l'activacié de CaMKK, AMPK i per tant

279 També s’ha descrit qgue el CCX incrementa

0

la consequent activacid d’autofagia
11 ., 2 R N N 2
I'alliberacié de Ca®" del ER en cél-lules de cancer de prostata 8
induir 'autofagia a través d’aquesta via.

i per tant podria

Un altre mecanisme per el qual els DIPACS podrien activar l'autofagia
independentment de la generacié de dhCer esta relacionat amb els nivells de ROS
intracel-lulars. Les ROS regulen l'autofagia a través de mecanismes transcripcionals.
En certes condicions com l'escassetat de nutrients i la hipdxia, les ROS es
poden acumular i estimular factors de transcripcid que regulen gens de proteines

281

autofagiques com per exemple LC3 o0 p62°° . Aquest podria ser el cas del CCX, degut

H 282 ,
a la seva capacitat de generar ROS 82 També és el cas del RV, gue a part de la seva
accid antioxidant, pot provocar 'acumulacié de ROS en funcid de la concentracid i
tipus cel-lular 8 Un antioxidant no és sind un agent redox (reduccid/oxidacio) i per

, . P 21
tant pot també actuar com a oxidant en certes condicions s,

En resum, en aquest capitol s’han presentat evidéncies experimentals que
demostren que en les linies cel-lulars de glioma T98G i U87MG, el CCX, PXD, RV, y-TE
i XM462 indueixen l'autofagia simultaniament a 'acumulacié de dhCer a causa de
I’estimulacié de la biosintesi de novo de les Cer i la disminucié de I'activitat Desl. No
obstant, l'activacié de [l'autofagia per part dels DIPACS també s’indueix en
condicions on no augmenten els nivells de dhCer. Aguest fet indica que altres factors
a més de les dhCer estan implicats en l'activacid de l'autofagia provocada pels
inhibidors de Desl. En base dels resultats presentats en aquesta tesi i de la literatura
existent, proposem que els inhibidors de Desl estudiats indueixen ambdues vies
d’induccié d’autofagia dependent i independent de dhCer, i és I’equilibri entre elles el
gue influeix en el desti cel-lular, sent l'autofagia dependent de dhCer una via de
supervivencia cel-lular (figura 43).
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Figura 43. Mecanisme d’accié hipotetic dels compostos estudiats en aquesta tesi (DIPACS) en l'autofagia i

la seva repercussié en el desti cel-lular

El fet que la induccid de 'autofagia comporti la mort o la supervivéncia de la cél-lula
després d’una exposicid amb els inhibidors de Desl probablement dependra del tipus
de céllula, del context cellular, de I'agent desencadenant i/o de la preséncia o
abséncia de dianes en la via de senyalitzacic'>284. En la via dependent de dhCer també
influira la localitzacié subcel-lular de les dhCer, la composicid de la seva cadena de

I’acid gras i possiblement la relacid entre les espécies de dhCer i Cer (dhCer/Cer).

Rellevancia de P’estudi

La validacié dels esfingolipids com a reguladors de multiples vies de senyalitzacio
cel-lular ha impulsat la recerca sobre els enzims implicats en el seu metabolisme. En
els dos primers capitols d’aguesta tesi s’han presentat noves metodologies per
estudiar els enzims CDasa i STPL. Els resultats posen en relleu la utilitat dels substrats
fluorogénics RBM14 i RBM148 en assajos HTS. Aquesta aplicacid és util pel diagnostic
de patologies associades a aquests enzims, i també per a la identificacié de nous
inhibidors selectius que podrien portar al descobriment de futurs farmacs.

Mlultiples evidéncies indiguen I'existéncia d’una relacid entre el metabolisme dels
esfingolipids i I'autofagia. No obstant el paper de l'autofagia en el desti cel-lular
segueix sent incert, i per tant és necessari estudiar en profunditat els mecanismes
moleculars implicats en el procés per tal de poder implantar I'iUs de moduladors de
'autofagia en la terapia. En el capitol 3 d’aquesta tesi s’ha demostrat la implicacié de
les dhCer en la induccié de l'autofagia citoprotectora per part de compostos
inhibidors de I'enzim Desl. Es per aix0 que la capacitat de les céllules per
biosintetitzar dhCer s’ha de tenir en compte en les terapies emprant moduladors
d’autofagia. En definitiva els resultats presentats en aquesta tesi recolzen la
concepcid dels enzims del metabolisme dels esfingolipids com a dianes
terapéutiques. Ja sigui gracies al desenvolupament de noves metodologies que
permetin la identificacid¢ de nous inhibidors enzimatics selectius, com per Ila
demostracioé de la seva implicacid en el desti cel-lular de I'autofagia.
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A continuacid es descriuen les conclusions extretes dels diferents estudis que s’han
presentat en els capitols d’aquesta tesi:

Capitol 1
Determinacié de I’activitat ACER3 utilitzant aminodiols fluorogénics cumarinics

1 A part de 'AC ila NC, els compostos RBM14 sdn substrats de 'ACER3, perd
no sén hidrolitzats per les CDases alcalines ACER1i ACER2

2 Els substrats RBM14 de cadena llarga, sobretot el RBM14C16, sén els millors
substrats per 'ACER3

3 Malgrat que la selectivitat dels substrats per les CDases pot dependre de la
longitud de la cadena alifatica, cap RBM14 presenta especificitat per una
CDasa en particular

4 Els substrats RBM14 sén una eina prometedora adaptable a formats HTS
destinats al diagnostic d’activitats CDasa andmales i a la recerca de
moduladors enzimatics de I'AC, la NC i 'ACER3

Capitol 2

Determinacié de P’activitat SIPL en cél-lules intactes utilitzant sensors fluorogénics
encapsulats en liposomes cationics

En termes de sensibilitat i en base als parametres cinétics Vmaxi Ku, €ls nous
sensors RBM77 i RBM148 sén millors substrats per a I’enzim S1PL que el seu
predecessor RBM13

Gracies a I’encapsulacio dels substrats RBM13, RBM77 i RBM148 en liposomes
cationics, s’aconsegueix la seva incorporacid a través de la membrana
plasmatica i estan disponibles per ser substrats de la SIPL en cél-lules intactes

Tenint en compte les limitacions del compost RBM77, en referéncia a la
necessitat d’utilitzar una dissolucié etandlica de KOH per tal d’obtenir la
maxima formacié d’umbel-liferona a partir de 'aldehid que es genera, el millor
substrat fluorogénic per mesurar l'activitat SIPL en cél-lules intactes és el
RBM148

L’Us de substrats fluorogénics encapsulats en liposomes cationics és una
metodologia adaptable a formats HTS destinats a la identificacid de nous
inhibidors selectius de la STPL en cél-lules intactes
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Capitol 3
Paper de les dhCer en la induccié d’autofagia i en el desti cel-lular

1 Els compostos CCX, PXD, RV, y-TE i XM462, pero no el y-T, produeixen una
acumulacié de dihidroesfingolipids, sobretot dhCer, mitjancant la inhibicid
de I'enzim Desl juntament amb I'estimulacié de la biosintesi de novo de la
Cer en les linies cel-lulars T98G i UB7MG

2 Els compostos CCX, PXD, RV i XM462, en les céllules T98G i U87MG,
inhibeixen la Desl actuant de manera directa sobre I'enzim o bé interactuant
amb la cadena de transport d’electrons associada a la Desl. D’altra banda el
v-TE inhibeix Desl alterant I’expressié génica de I'enzim

3 El CCX, PXD, RV, y-TE i XM462 produeixen una disminucié relativa de
fosfolipids que contenen grups acil poliinsaturats, suggerint la inhibicid de la
dessaturacioé d’acids grassos en la linia cel-lular T98G

4 Els compostos CCX, PXD, RV, y-TE i XM462, perd no el y-T, indueixen el flux
d’autofagia en les linies cel-lulars T98G i U87MG. L’activacid d’autofagia en
les cél-lules U87DND, incapaces d’acumular dhCer degut a la baixa expressid
de diversos enzims de la via de la biosintesi de novo dels esfingolipids,
demostra que les dhCer no sén un requisit imprescindible per a la induccié
d’autofagia

5 Els compostos CCX, PXD, RV, y-TE i XM462 activen 'autofagia dependent i
independent de dhCer en les linies cel-lulars T98G i US7MG

6 La via d’autofagia dependent de dhCer induida pels compostos CCX, PXD,
RV, y-TE i XM462 és un mecanisme de supervivencia cel-lular

7 La via d’autofagia independent de dhCer induida pels compostos CCX, PXD i
RV provoca la mort cellular. Per contra, en la citotoxicitat del y-TE no
participa l'autofagia independent de dhCer en les condicions experimentals
emprades

8 Proposem que els compostos CCX, PXD, RV, y-TE i XM462 activen les vies
d’induccié d’autofagia dependent i independent de dhCer, i és I'equilibri
entre elles el que condiciona el desti cel-lular. Altres factors implicats sén el
tipus i el context cel-lular, 'agent desencadenant i/o la preséncia de dianes
en la via de senyalitzacié. En la via dependent de dhCer també influira la
localitzacié subcellular de les dhCer, la composicié de la seva cadena
alifatica i possiblement la relacié entre dhCer/Cer
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