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Seznam pouzitych zkratek

ACAP1

ADAM

Apaf-1

AP2

APRIL

APP

ARAP

ASM

BafAl

BAFF

Bak

Bid

Bax

Bcl-2

BCMA

BH

protein obsahujici a-helikalni Arf-GAP, ankyrinové a PH domény 1
ArfGAP with coiled-coil, ankyrin repeat and PH domains 1

protein obsahujici disintegrinovou a metalloprotedzovou doménu
a disintegrin and metalloproteinase domain protein

faktor aktivujici apoptotické proteazy 1
apoptotic protease activating factor 1

adaptorovy proteinovy komplex 2
adaptor protein complex 2

ligand indukujici proliferaci
a proliferation-inducing ligand

prekurzor proteinu amyloid-p
amyloid-g precursor protein

protein obsahujici Arf-GAP, Rho-GAP, ankyrinové a PH domény
Arf-GAP, Rho-GAP, ankyrin repeat and PH domain-containing
protein

kysela sfingomyelindza
acid sphingomyelinase

bafilomycin Al

faktor aktivujici B-lymfocyty
B cell-activating factor

inhibitor proteinu Bcl-2
Bcl-2-antagonist/killer

protein podporujici bunéénou smrt obsahujici BH3 interakéni doménu
BH3 interacting domain death agonist

protein X asociovany s Bcl-2
Bcl-2-associated X protein

protein B-bunéénych lymfoma 2
B-cell lymphoma 2

faktor pro zrani B-lymfocyti
B-cell maturation factor

Bcl-2 homologni doména
Bcl-2 homology domain



B-Raf

CARP

CCA

CD

clAP

CRD

CTSD

DcR

DD

DED

DIABLO

DISC

DN

DNA

cDNA

DR

EEA1

onkogenni homolog retrovirového proteinu v-Raf, B izoforma
v-raf murine sarcoma viral oncogene homolog B

s kaspazami asociovany protein obsahujici doménu RING
caspase-associated ring protein

konkanamycin A
concanamycin A

nazvoslovna jednotka leukocytarnich antigenti
cluster of differentiation

bunécny inhibitor apoptdzy
cellular inhibitor of apoptosis

doména bohaté na cystein
cystein rich domain

katepsin D
cathepsin D

tlumivy receptor
decoy receptor

doména smrti
death domain

efektorova doména smrti
death effector domain

protein s nizkym pl, ktery pfimo vaZe inhibitory apoptdzy
direct IAP-binding protein with low pl

signaliza¢ni komplex indukujici bunéénou smrt
death inducing signaling complex

dominantné negativni
dominant negative

deoxyribonukleova kyselina
deoxyribonucleic acid

piepisovand DNA
complementary DNA

receptor smrti
death receptor

antigen ranych endozémi 1
early endosome antigen 1



EDAR

EMCV

Erk

EST

FADD

FLIP

GAP

GITR

GPI

GTPaza

HVEM

ICP

IFN

IKK

IRF1

JNK

KRAS

receptor proteinu ektodysplazin A
ectodysplasin A receptor

virus encefalomyokarditidy
encephalomyocarditis virus

kinaza regulovana extraceluldrnimi signaly
extracellular signal-regulated kinase

kratka sekvence cDNA
expressed sequence tag

protein asociovany s receptorem Fas a obsahujici doménu smrti
Fas-associated protein with death domain

protein inhibujici kaspazu 8
FLICE/CASPS inhibitory protein

protein aktivujici GTPazy
GTPase-activating protein

protein indukovany glukokortikoidy a pfibuzny receptoru TNFR
glucocorticoid-induced TNFR-related protein

glykofosfatidylinositolova kotva
glycophosphatidylinositol anchor

fosfohydrolaza guanosintrifosfatu

protein zprostiedkovavajici vniknuti herpesviri do bunky
herpesvirus entry mediator

intracelularni ¢ast
intracellular part

interferon

kinaza faktoru IxB
kB kinase

interleukin

faktor regulujici interferony 1
interferon regulatory factor 1

kinaza faktoru c-Jun
c-Jun N-terminal kinase

onkogen izolovany z viru zptusobujiciho nadory
Kirsten rat sarcoma viral oncogene homolog



LAMP

LMP

LPS

LT

MAPK

MMP

MMP

MRNA

MVB

MYC

NECAP

NEMO

NF-AT

NF-xB

NGFR

NK

OPG

PARP

protein asociovany s lyzozomalni membréanou
lysosomal-associated membrane protein

prodéravéni lyzozomalni membrany
lysosomal membrane permeabilization

bakterialni lipopolysacharid
lymfotoxin

mitogeny aktivovana proteinkinaza
mitogen-activated protein kinase

metaloprotedza
matrix metalloproteinase

prodéravéni mitochondridlni membrany
mitochondrial membrane permeabilization

mediatorova RNA
messenger RNA

multivezikularni téliska
multivesicular bodies

oncogen izolovany z viru ptaci myelocytomatozy
myelocytomatosis oncogene

protein spjaty s endocytézou
endocytosis-associated protein

protein nezbytny pro modulaci funkce faktoru NF-kB
NF-«xB essential modulator

transkripéni faktor aktivovanych T-lymfocytl
nuclear factor of activated T-cells

transkripéni faktor zesilujici expresi lehkého fetézce-«
v B-lymfocytech
nuclear factor of k-light chain gene enhancer in B cells

receptor pro nervovy rustovy faktor
nerve growth factor-receptor

"natural killer" bunka
osteoprotegerin

poly(ADP-rib6za)-polymeraza
poly(ADP-ribose)-polymerase



PH plecstrin homologni doména
plecstrin homology domain

pH vodikovy exponent
potential of hydrogen

PI3K fosfatidylinositol-3-kinaza
phosphatidylinositol-3-kinase

PIK3CA fosfatidylinositol-3-kinaza, katalyticka podjednotka o
phosphatidylinositol-3-kinase, catalytic subunit alpha

PKB proteinkinaza B, Akt
protein kinase B, Akt

PLAD doména umoziujici sestaveni komplexu s ligandem
pre-ligand assembly domain

PTEN fosfatdza a homolog proteinu tensin
phosphatase and tensin homolog

Puma proapoptoticky protein zavisly na transkripcnim faktoru p53
p53 up-regulated modulator of apoptosis

RANK receptor aktivujici faktor NF-xB
receptor activator of NF-«xB

RELT receptor exprimovany v lymfoidnich tkanich
receptor expressed in lymfoid tissues

RIP protein-kindza interagujici s receptory
receptor-interacting protein kinase

RNA ribonukleova kyselina
ribonucleic acid

SCID syndrom tézké kombinované imunodeficience
severe combined immunodeficiency

SiRNA mald interferujici RNA (kratka interferujici RNA, uml€ujici RNA)
small interfering RNA (short interfering RNA, silencing RNA)

Smac druhy aktivator kaspaz odvozeny od mitochondrii
second mitochondria-derived activator of caspase

SNP jednonukleotidovy polymorfizmus
single nucleotid polymorphism

STAT1  prenasec signalu a transkripcni aktivator 1
signal transducer and activator of transcription 1
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TACI transmembranovy protein aktivujici a interagujici s proteinem CAML
transmembrane activator and CAML interactor

tBid zkracena forma proteinu Bid
truncated Bid

TCR antigenn¢ specificky receptor T-lymfocyti
T-cell receptor

THD TNF-homologni doména
TNF-homology domain

TL1 molekula ptibuzna ligandu TNF
TNF ligand-related molecule-1

TNF faktor nekrotizujici nadory
tumor necrosis factor

TNFR receptor faktoru nekrotizujiciho nadory
tumor necrosis factor-receptor

TRADD  protein asociovany s receptorem TNFR1 a obsahujici doménu smrti
TNFR1-associated death domain protein

TRAF faktor asociovany s receptorem TNFR1
TNFR1-associated factor

TRAIL ligand pfibuzny faktoru TNF indukujici apoptozu
TNF-related apoptosis-inducing ligand

TRAIL-R receptor ligandu TRAIL
TRAIL-receptor

TWEAK protein ptibuzny faktoru TNF a slabé indukujici apoptozu
TNF-related weak inducer of apoptosis

V-ATPaza vakuolarni protonova pumpa hydrolyzujici ATP
vaculolar ATPase

VEGI inhibitor rastu cévnich endotelialnich bunék
vascular endothelial growth inhibitor

XEDAR receptor proteinu ektodysplazin A vazany na chromozom X
X-linked ectodysplasin A receptor

XIAP inhibitor apoptdzy vazany na chromozom X
X-linked inhibitor of apoptosis

Y2H kvasinkovy dvouhybridni systém
yeast-two-hybrid system
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I.  Uvod a cile prace:

Proteiny z rodiny TNF (tumor necrosis factor, faktor nekrotizujici nadory) hraji
roli ve velkém spektru fyziologickych procesii. Podili se na udrzovani homeostazy
organizmu, ovliviiuji bunééné déleni, bunécnou diferenciaci i programovanou bunéénou
smrt. Posledné¢ jmenovand funkce je antagonisticky regulovana zejména aktivaci
proapoptotickych a antiapoptotickych signalnich drah.

Clen této pocetné rodiny — ligand TRAIL (TNF-related apoptosis-inducing
ligand) — je s membranou asociovany glykoprotein exprimovany zejména
hematopoetickymi bunikami, ktery miize u vnimavych bun¢k indukovat apoptozu. In
vitro a in vivo studie odhalily schopnost ligandu TRAIL vyvolavat buné¢nou smrt
ptednostné u nadorovych nebo virové infikovanych bunék. Tato potencialni role ligandu
TRAIL v protinadorové imunitni odpovédi vedla k dukladnému vyzkumu jak regulace
exprese jeho receptort, tak jim aktivovanych signalnich drah. Soucasné se rozbihaji
Klinické studie, ve kterych jsou testovany rekombinantni rozpustna forma ligandu a
agonistické protilatky proti receptorim ligandu TRAIL.

Soucasti signalnich kaskad spousténych ligandem TRAIL je vedle indukce
programované bunééné smrti zavislé na kaspazach i aktivace transkripéniho faktoru NF-
kB, c-Jun N-termindlni kindzy (JNK), proteinové kindzy C ¢i MAP kindz. Vyslednou
rezistenci Ci citlivost buiiky na apoptoticky signal ovliviiyje kinetika a kombinace téchto
aktivovanych drah. Pro jiné ¢leny TNF rodiny (FasL a TNFa) byl také popsan
vyznamny Vliv internalizace trimerizovaného receptoru, signalizace z nitrobunéénych
vackl ¢i zasadni role lyzozému a propustnost jejich membran. Vyzkum podobnych
regulacnich procesi v pfipadé ligandu TRAIL vSak zistava nadale vyrazné
nepiehledny.

Cilem nasi prace bylo pfispét k pochopeni regulacnich mechanizmi vedoucich
K rezistenci nékterych bunéfnych typu na apoptotickou signalizaci indukovanou
ligandem TRAIL a v dusledku se tak podilet na §irSim poznani tohoto potencialniho
protinadorového terapeutika. Jako modelovy systém jsme si vybrali bunky
kolorektalniho karcinomu, jehoz incidence je v Ceské republice na velmi vysoké tirovni.
Dil¢i cile nasi studie byly nésledujici:

1. Urcit vyznam endocytdozy a post-endocytickych procestit v signalizaci

spusténé ligandem TRAIL.
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Analyzovat slozeni nitrobunééného proteinového komplexu apoptotickych
receptortt TRAIL-R1/DR4 a TRAIL-R2/DRS5 a jeho regulaéni roli.
Prostudovat vliv vakuolarni ATPazy a lyzozomu na bunéfnou smrt

vyvolanou ligandem TRAIL.
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I1. Abstrakt

Clen proteinové rodiny faktort piibuznych s TNF - transmembranovy ligand
TRAIL (tumour necrosis factor-related apoptosis inducing ligand) - ptitahuje pozornost
diky své schopnosti specificky a efektivné vyvolavat apoptotickou smrt u riznych typt
rakovinnych bunck. Presto se cCasto setkdvame se sekundarni rezistenci, kterou
rakovinné bunky vyvijeji k piisobeni ligandu TRAIL, pficemz molekularni mechanizmy
souvisejici s timto jevem nejsou doposud uspokojiveé objasnény.

V prvni publikaci jsme se zaméfili na analyzu role endozomalni acidifikace
Vv proximalnich signaliza¢nich drahach ligandu TRAIL. Pomoci specifickych inhibitorti
bafilomycinu Al (Baf Al) a konkanamycinu A (CCA) jsme u n¢kolika vnimavych
kolorektalnich bunéénych linii zablokovali vakuolarni ATPazu, ktera zodpovida
za vnitini okyselovani endocytickych vacka a lyzozoémi. Zjistili jsme, ze citlivost takto
osetfenych bunék k cytotoxickému pisobeni ligandu TRAIL je vyznamné a
reproducibilné potla¢ena. Bunky vykazovaly minimalni $t€peni prokaspazy-8 a vyrazné
zpomalena (i kdyZ pouze doCasné€) byla i1 agregace receptorovych komplexl a jejich
pohyb po bunce v klatrinem obalenych vaccich. Povrchova exprese receptort TRAIL-
R1/DR4 a TRAIL-R2/DRS5, jejich internalizace po navazani ligandu TRAIL i aktivace
antiapoptotickych NF-kB a MAP kindzovych signaliza¢nich drah vSak zistaly
nezménény. Ovefili jsme, Ze na supresivni efekt acidifikaénich inhibitortt nema vliv
mitochondrialni amplifikacni smycka, lyzozomalni permeabilizace a ani aktivace kyselé
sfingomyelindzy. NaSe prace timto dokazuje, Ze funkce vakuolarni ATPazy muze
predstavovat regulacni uzel, ktery spolurozhoduje o vysledné bunécéné odpovédi
na ptusobeni ligandu TRAIL.

Ve druhé praci jsme studovali regulaci exprese receptoru TRAIL-R1/DR4
na plazmatické membrané a popisujeme charakterizaci jeho nového interagujiciho
proteinu ARAP1, ktery se Ucastni transportu TRAIL-R1/DR4 na bunéény povrch.
V posledni studii jsme se vénovali testovani tii riznych cytostatik (TRAIL, 17-AAG,
PLX4720) na rezistentnich bunkach stievniho karcinomu a na objasnéni molekularnich
mechanizmu jejich ptisobeni na zakladé genetického pozadi jednotlivych bunéénych
linii.

Vétime, ze predstavované vysledky mohou prispét k objasnéni vzniktl rezistenci
rakovinnych bun€k K indukované apoptéze a K racionalngj$imu vyuzivani ligandu

TRAIL v lidské mediciné.
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I11. Abstract

Tumour necrosis factor-Related Apoptosis Inducing Ligand (TRAIL), a
membrane-bound ligand from the TNF family, has attracted significant attention due to
its rather specific and effective ability to induce apoptotic death in various types of
cancer cells via binding to and activating its pro-apoptotic death receptors (DRs).
However, a significant number of primary cancer cells often develop resistance to
TRAIL treatment, and the signalling platform behind this phenomenon is not fully
understood.

In the first paper we focused on the influence of endosomal acidification. Upon
blocking endosomal acidification by the vacuolar ATPase (V-ATPase) inhibitors
bafilomycin Al (BafAl) or concanamycin A (CCA) we observed a significantly
reduced initial sensitivity of several, mainly colorectal, tumour cell lines to TRAIL-
induced apoptosis. In cells pre-treated with these inhibitors, the TRAIL-induced
processing of caspase-8 and the aggregation and trafficking of the TRAIL-receptor
complexes were temporary attenuated. The cell surface expression of TRAIL receptors
and their TRAIL-induced internalization were not affected by V-ATPase inhibitors. NF-
kB or MAP kinase signalling from the activated TRAIL receptors remained unchanged,
and neither possible lysosomal permeabilization, mitochondrial amplification loop nor
acid sphingomyelinase were involved in this process. Altogether, the obtained data
provide the first evidence that endosomal acidification could represent an important
regulatory node in the proximal part of TRAIL-induced pro-apoptotic signalling.

In the second presented project we studied regulation of death receptors
expression on the plasma membrane and we identified and characterized the novel
TRAIL-R1/DR4 interacting adaptor protein ARAP1, which is involved in receptor
trafficking to the cell surface. The last study was aimed on testing three different widely
used cytostatics and inhibitors (TRAIL, 17-AAG and PLX4720) in resistant colon
cancer model cell lines. We analyzed the combinatory effect on TRAIL induced
apoptosis and molecular mechanisms in various genotype backgrounds.

Results presented in this thesis thus should contribute to the better understanding
of TRAIL-triggered cell signaling and hopefully also to its rational application in the

clinical practice.
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IV. Literarni prehled

IV.1 Proteiny rodiny TNF
IV.1.1 Historie

Lidské proteiny ptibuzné s faktorem nekrotizujicim nadory (TNF) tvoii rozsédhlou
skupinu ¢itajici 19 ligandt a 29 odpovidajicich receptorti. Tato superrodina je od roku
1984, kdy byl izolovan jeji prvni ¢len TNFa, intenzivné studovana a za poslednich 30
let bylo publikovano vice nez 100 000 praci vénovanych molekularni a funkéni
charakterizaci téchto vyznamnych proteini.

Vyzkum proteintt z rodiny TNF se datuje az do predminulého stoleti, kdy
némecky l1ékai P. Bruns pozoroval regresi nadord u pacienti s prodélanou bakterialni
infekci (Bruns, 1868). Bakteridlni extrakty byly posléze s uspéchem pouzivany
v protinadorové 1é¢bé (Coley, 1891) a roku 1943 Shear izoloval bakterialni
lipopolysacharid, ktery byl odpovédny za nadorovou regresi (Shear et al., 1943). Roku
1963 O’'Maley dokézal, ze tento jev neni piimy, ale je zprostiedkovan neznamym
toxinem v lidském séru, ktery poprvé nazval faktorem nekrotizujicim nadory (TNF)
(O'Malley et al., 1963). Teprve pozd&ji se jeho zdrojem ukazaly byt aktivované
makrofagy (Carswell et al., 1975), a az tento objev oteviel cestu k izolaci TNFa a
k urceni jeho aminokyselinové sekvence roku 1984 (Aggarwal et al., 1985; Aggarwal et
al., 1984).

Pomoci biochemickych piistupt i diky pocitacovému vyhledavani homolognich
sekvenci v databazich pak byli velmi rychle identifikovani a charakterizovani dalsi a
dalsi clenové této rodiny (Obr. 1). Jejich vlastnosti jsou shrnuty v nésledujicich

odstavcich.

IV.1.2 Zastupci rodiny TNF/TNFR a jejich fyziologicka role

Iv.1.2.1 Ligandy

Ligandy rodiny TNF se fadi mezi transmembranové proteiny II. tfidy s jednou
transmembranovou doménou a C-koncovou extracelularni ¢asti. Vyjimku tvoii pouze
lymfotoxin a (LTa) a inhibitor ristu cévnich endotelidlnich bun¢k (VEGI), které jsou
sekretované (Aggarwal, 2003). Neékteré z transmembranovych proteini mohou byt
z povrchu bunék odstépované protedzami, jako je to v piipad¢ ligandit TNF a RANKL
pomoci proteazy ADAM (Black et al., 1997; Lum et al., 1999) nebo v ptipadé FasL
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pomoci matrilysinu (Powell et al., 1999). Poslednich 150 aminokyselin v C-terminalni
oblasti téchto ligandu zastupuje vysoce konzervovanou TNF-homologni doménu
(THD), vytvafejici terciarni strukturu beta barelu. Tato doména obsahuje 20-30%
aminokyselin shodnych pro vSechny ligandy z TNF rodiny a je odpovédna za vazbu
na piislusné receptory (Magis et al., 2012).

Ligandy byvaji exprimovany ve valné vétSin€ builkkami imunitniho systému,
najdeme je na povrSich B bun¢k, T bunék, monocytti i dendritickych bunék. Vyjimku

tvori ligand VEGI, ktery se vyskytuje na endotelialnich bunikach (Aggarwal, 2003).

1IV.1.2.2 Receptory

Ve srovnani S omezenou expresi ligandu, receptory z rodiny TNFR nalezneme
na povrsich Sirokého spektra normalnich i transformovanych lidskych bunék.

Receptory z rodiny TNFR jsou transmembranové proteiny I. tfidy, pro které je
typicka N-koncova extracelularni ¢ast. Receptorim BCMA, TACI, BAFFR a XEDAR
chybi signélni peptid a fadime je mezi specialni IIl. tfidu transmembranovych proteinil.
Specialnim pfipadem je 1 receptor TRAIL-R3/DcR1, ktery je s plazmatickou
membranou spojen pouze pomoci GPI-kotvy. Sekretované jsou receptory OPTG a
DcR3, které transmembranovou doménu zcela postradaji (Aggarwal, 2003). Také se
vyskytuji i rozpustné formy ostatnich receptord, které vznikly odstépenim pomoci
metaloproteaz nebo alternativnim sestfihem (Fas, 4-1BB), ale tyto formy vykazuji
posléze pozménénou, inhibi¢ni funkci (Smith et al., 1994).

Pro vSechny receptory TNFR je vSak charakteristicka pfitomnost domén bohatych
na cystein (cystein rich domains, CRD) v extracelularni ¢asti. Jde o pomérné kratké
sekvence 30-40 aminokyselin, které jsou zodpovédné za vazbu na THD doménu TNF
ligandu. Jejich pocet se pohybuje v rozmezi 1-6, ale vétSina receptorti obsahuje 3 nebo 4
CRD domény. Vysoké zastoupeni cysteinu v doméné je dano piitomnosti vétSinou tii
disulfidickych mustkt v kazdé CRD doméné (Bazan, 1993).

Vazba ligandu na receptor probihd v pomé&ru 3:3, vyzaduje tedy tfi receptory a tfi
ligandy. Pouze tento trimerni komplex je aktivni ve vazb€ dalSich proteint
V cytoplazmatické Casti a v signalni transdukci. Nékteré receptory miizeme nalézt
na povrchu bunék jiz ve formé trimeri 1 bez navadzaného ligandu. Na této oligomerizaci
se podili doména PLAD (pre-ligand assembly domain) v jejich extracelularni ¢asti a je
znamo, 7e kromé akumulace receptorti jsou takto vzniklé komplexy casto efektivnéjsi

V pozd¢jsi signalizaci po piipojeni ligandu. Formovani receptorovych komplext diky
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doméné PLAD bylo pozorovano u receptori TNFR1, TNFR2, CD40, Fas, TRAIL-
R1/DR4, TRAIL-R2/DR5 a TRAIL-R4/DcR2 (Chan, 2007; Chan et al., 2000; Clancy et
al., 2005).

Vétsina ligandii se za uréitych podminek mulze vazat na nékolik rGznych
receptord, v pripad¢ ligandu TRAIL az 5, jiné vazby ligand/receptor jsou jedinecné.
Do rodiny TNFR patii i receptory, jejichz odpovidajici ligand jesté nebyl objeven - jako
napiiklad TROY a RELT (Bossen et al., 2006).

18



TNFR1 221 =3 OO - TNF-o
TNFR2 174 OO OO . TNF-B
CD95 145 - (OO « - CDg5L
oora —ococoo—__ /

DR3 193 - L O « - VEGI
DR4 203 - - - \ , - TRAIL
DRs 221 == - - "/

DCR1 OO 1

pcrz2 154 —f -

DR6 286 I3 - H ¢ ) - APP
EDAR 236 — O— O / \ / = EDA-A1
NGFR 155 o * OO~ / Y = NGF
oPG r.:-no?bo/

RANK 282 e <O+ OO - RANKL
LTBR 187 OO0 - O-O-C \ - LTa/LTB
FN14 28 - <00OC - \ \ - TWEAK
HVEM 58 — OO .-- - LIGHT
CD27 48 — 0 O ) - cD27
CD30 188 ———— =000 OO - €D30
CD40 62 —O0-00C L)€~ - CD40
4-1BB 45 0-Q OO-O-C - 4-1BBL
OX40 36 —00€ L) < - OX40L
GITR 42 OOC - - GITRL
BCMA 106 —O OO - - APRIL
TACI 106 —O 0 T \

BAFFR 82 o - = - BAFF
XEDAR 134 - OO - EDA-A2
TROY 233 OO O - ?
RELT 243 o - ?

¥V Furin ¥ Metalloproteinase (TACE) 'V Matrilysin O maF O TRAF2 © TRAF3

o Cysteine-rich domain n Death domain () TRAF5 {) TRAF6

Obrazek 1: Ligandy a receptory rodiny TNF

Receptory z rodiny TNFR (v levé casti diagramu) jsou transmembranové proteiny .
tiidy, které se vyznacuji ptitomnosti nékolika CRD domén (cystein-rich domains)
Vv extracelularni ¢asti. Intracelularni ¢ast u death receptorii obsahuje DD domény (death
domain) odpovédné za zprostiedkovani apoptotické signalizace. Receptory az na par
vyjimek (DR6, NGFR) vazi ligandy zrodiny TNF. Ligandy pfedstavuji
transmembranové proteiny II. tfidy, které jsou exprimovany vétSinou na povrsich bunék
imunitniho  systému. Charakteristickd je pro né¢ TNF-homologni doména
v extracelularni ¢asti. (Upraveno podle Aggarwal, Nature Reviews in Immunology,
2003.)
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1IV.1.2.3 Signalizace a fyziologicka funkce

Zadny z receptorti nema enzymatickou aktivitu, ale jejich cytoplazmaticka &ast
slouzi k pfenosu signalu, ktery je zprostfedkovan adaptorovymi proteiny typickymi pro
jednotlivé receptory. Tyto proteiny se vazi na trimerizované cytoplazmatické domény a
umoziuji vazbu dalSich signaliza¢nich a efektorovych proteinti. Adaptorovy protein
proteiny zrodiny TRAF umoziuji vazbu proteinu RIP a naslednou aktivaci
antiapoptotického faktoru NF-kB. Protein TRADD, ktery rozpoznava cytoplazmatickou
doménu TNRFI je schopen se za urCitych okolnosti podilet na obou téchto
signaliza¢nich kaskadach (Dempsey et al., 2003).

Vysledkem aktivovanych signaliza¢nich drah, pak v ptipadé TNF/TNFR rodiny
byva

a) programovand buné¢na smrt (TNF, LT, FasL, TRAIL, VEGI, TWEAK,

LIGHT)

b) bunéény rast (RANKL, BAFF)

c) diferenciace (TNF, RANKL, DR6)

d) proliferace (TNF, CD27L, CD30L, CD40L, OX40L, 4-1BBL, APRIL,

BAFF).

Vsechny zminiované procesy se stavaji soucasti komplexnich fyziologickych déja
jako je organogeneze, hematopoéza, regulace imunitniho systému, obrana proti
rakovinnému bujeni nebo obrana proti infekcim. A samoziejmé jakykoliv zasah do
spravného fungovani vede k Sirokému spektru patologickych projevii a onemocnéni
(Hehlgans & Pfeffer, 2005).

Z dulezitych fyziologickych procesti mizeme zminit vytvareni lymfatickych uzlin
a Peyerovych plakti béhem embryogeneze, na kterém se podili lymfotoxin a a f
(Fiitterer et al., 1998), tvorbu sekundéarnich lymfatickych tkéni ve sleziné¢ a rozvoj
protilatkové imunitni odpovédi v piipadé TNFa (Fu & Chaplin, 1999; Nedospasov,
2003). Nebo také zajisténi spravného prubéhu imunoglobulinového piesmyku, na
kterém se podileji ligandy CD40, OX40 a APRIL (Castigli et al., 2004; Grewal &
Flavell, 1996; Stiiber & Strober, 1996). Ligandy TNF o, LT o s FasL hraji roli v
potlacovani nadorového rustu, imunitni odpovédi na nitrobunééné patogeny a TNFa je
zaroven zékladnim cytokinem zprostfedkovavajicim zanétlivé procesy jako jsou

horecka, nizky tlak ¢i septicky Sok (Malik & Balkwill, 1992).
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Naopak k patologiim a zasadnimu poskozeni tkani vedou rizné mutace v genech,
chyby v regulaci exprese proteinti a deregulované signaliza¢ni drahy. Nadprodukce
TNF ligandl a receptorti byly popsany U Sirokého spektra chronickych zanétlivych
chorob, naptiklad traviciho traktu v piipadé TNFa, LTa/p, CD40 a LIGHT (ulcerdzni
kolitida, Crohnova choroba (Baert & Rutgeerts, 2000), (Maerten et al., 2003)).
Aberantni signalizace spusténa ligandy LT a LIGHT se podili na vzniku artritid (Fava et
al., 2003) a ligandy OPTG a RANKL na vzniku osteoporézy (Saidenberg-Kermanac'h
et al., 2004). Zvysené mnozstvi TNFa nebo LTa Vséru pacienti bylo popsano
u roztrousené sklerozy (Tsukada et al., 1993) a psoriazy (McDevitt et al., 2002),
u systémového lupusu je vétSinou zachycen zvySeny ligand BAFF (Cheema et al.,
2001). Polymorfismy v genech pro TNFo/LTa byly pozorovany u cukrovky obou typt
(Boraska et al., 2010). Dale se Spatnou funkci TNF signalizace souvisi také napiiklad
odhojovani §tépa po transplantaci, Alzheimerova choroba, astma, vytvafeni metastaz a

ischemické choroby.
1V.1.3 Receptory smrti a jejich ligandy

Proteiny obsahujici ve své intracelularni cCasti death doménu (DD) ftadime
mezi tzv. receptory smrti (death receptors, DRs), nebot’ po své aktivaci ligandy mohou
indukovat buné¢nou smrt. Patii mezi né receptory Fas, TNFRI, TRAIL-R1/DR4,
TRAIL-R2/DR5, DR3, DR6, EDAR a NGFR. Krom¢é¢ DR6 a NGFR, které jsou
aktivovany pravdépodobné beta-amyloidnim prekurzorovym proteinem APP (Nikolaev
et al., 2009) respektive NGF (Bothwell, 1996), ostatni death receptory vazi ligandy
zrodiny TNF. Po navéazani ligandu se K cytoplazmatické¢ death doméné pfipoji
adaptorové proteiny FADD nebo TRADD, které aktivuji kaspazovou signaliza¢ni
kaskadu vedouci k apoptoze (Chinnaiyan et al., 1996; Hsu et al., 1995; Kischkel et al.,
2000). Zaroven vsak vétsina z nich umi za ur€itych podminek navazat i adaptorové
proteiny TRAF, které po vazbé na RIP1 zapnou antiapoptotické procesy smétujici
k aktivaci jaderného faktoru NF-kB a Jun N-terminalni kinazy JNK. Rovnovaha
mezi obéma témito d&ji, které se rozbihaji souasné, je velmi piisné regulovana a
odehrava se na mnoha urovnich od exprese receptoru na membrané, posttranslacnich
modifikacich jednotlivych komponent az po zapojeni cytoplazmatickych inhibitori.
Pro svoji vysokou miru homologie a podobnost signalizacnich kaskad, jsou vétSinou
ligandy TNFa, FasL a TRAIL zminovany spolecné. NaSe prace se zaméfuje

na specifika bunéénych déji spousténych ligandem TRAIL.
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IV.2 TRAIL

Ligand TRAIL byl objeven v letech 1995 a 1996 dvéma nezavislymi skupinami
pomoci pocitacového srovnavani homolognich struktur s TNFa v EST databazich (Pitti
et al., 1996; Wiley et al., 1995) jako tieti ¢len TNF rodiny, ktery indukuje apoptozu.
Shoda v aminokyselinové sekvenci mezi ligandem TRAIL a dal$imi ¢leny této rodiny
TNFa a FasL je 23%, respektive 28%. Obdobné i v signéalnich kaskadéach aktivovanych

témito cytokiny najdeme mnoho podobnosti.
IVV.2.1 Exprese a regulace genu

TRAIL je na mRNA urovni Siroce exprimovan v dospélych i embryonalnich
tkanich, at’ uz se jedna o slezinu, brzlik, prostatu, placentu nebo tenké stievo (Wiley et
al., 1995), jako protein je ale exprimovan zejména na povrchu hematopoetickych bunék
jako jsou NK buiky, B lymfocyty, monocyty, dendritick¢ buiiky a cytotoxické T
lymfocyty (Allen & El-Deiry, 2012).

Vjeho promotorové oblasti bylo nalezeno n&kolik vazebnych mist
pro transkripéni faktory, jako jsou STAT1,NF-AT, FOXO, NF-kB, p53, z nichz vétSina
je aktivovana cytokinovou signalizaci (Wang et al., 2000). Napiiklad IFN-y pomoci
faktori STAT1 a IRF1 nastartoval produkci ligandu TRAIL a naslednou zvySenou
apoptozu plicnich rakovinnych bunék (Kim et al., 2002). Také IFN-o byl popsan jako
induktor produkce TRAILu u makrofaga (Solis et al., 2006) a IFN-B u kolorektalnich
rakovinnych buné¢k (Choi et al., 2003).

Gen pro ligand TRAIL obsahuje 5 exonl a 4 introny a alternativni sestiih dava
vzniknout 9 izoformam, Zznichz vSechny obsahuji N-terminalni oblast a
transmembranovy helix, ale 1isi se C-koncovou doménou. (Krieg et al., 2003; Wang et
al., 2011). Zkracené formy v riizné mite vazi TRAIL receptory a aktivuji NF-kB drahu,
ale pouze nejdelsi varianta vykazuje apoptotické vlastnosti, ostatni pravdépodobné hraji
roli v regulaci signalizace.

Co se tyce chorob spojenych s aberantni TRAILem indukovanou signalizaci, tak
zménéna exprese ligandu TRAIL byla popsana u roztrousené sklerozy, zvySena hladina
rozpustného ligandu u systemického lupusu, naopak snizenad tvorba mRNA u rakoviny
prostaty a stfeva (Allen & EI-Deiry, 2012). TRAIL se podili také na vzniku
arterosklerézy, diabetu ¢i astmatu (Corallini et al.,, 2007; Michowitz et al., 2005;
Schoppet et al., 2006).
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Z divodu zminénych patologickych projevu spjatych s ligandem TRAIL a jeho
signalizaci byly peclivé analyzovany jednonukleotidové polymorfizmy (single nukleotid
polymorphysms, SNPs) v genu pro protein TRAIL. Byla zaznamenana souvislost
nalezenych SNPs se sniZzenou expresi mRNA ligandu TRAIL u rakoviny prsu (Pal et al.,
2011), ale vétsinou nebyly negativni dopady SNPs potvrzeny. | zdravé osoby maji
oblast pro gen TRAIL velmi polymorfni (Weber et al., 2004)

1V.2.2 Receptory pro TRAIL

Krystalografické studie ukazaly, Ze trimer ligandu TRAIL je stabilizovan jednim
atomem zinku a muze interagovat s péti receptory, z nichz pouze dva jsou schopny
efektivné zprostiedkovat apoptotickou signalizaci.

TRAIL-R1/DR4 a TRAIL-R2/DR5 obsahuji ve své cytoplazmatické ¢asti death
doménu (DD), motiv obsahujici 6-7 a-helixt, ktery je schopen homotypicky vazat dalsi
DD jinych interagujicich proteinti. TRAIL-R3/DcR1 tuto DD postrada a TRAIL-
R4/DcR2 ji ma vyrazné zkracenou (Degli-Esposti et al., 1997a; Degli-Esposti et al.,
1997b). Zatimco vazba decoy receptort spousti NF-kB signalizaci, po navazani ligandu
na TRAIL-R1/DR4 a TRAIL-R2/DR5 se vytvaii signaliza¢ni komplex indukujici
bunéénou smrt — tzv. DISC (death-inducing signaling complex) (Mérino et al., 2006).

S daleko niz8i afinitou se ligand TRAIL véaze také na solubilni receptor
osteoprotegerin, ktery se uplatiiuje v regulaci vyvoje kosti a byl popsan v literatute jako
decoy receptor pro RANKL. RANKL po vazbé na receptor RANK spousti NF-xB
signalizaci regulujici kostni metabolismus a formovani osteoklastd (Vitovski et al.,
2007). TRAIL by se tedy mohl Gcastnit této signalizace jako kompetitivni regulator, tato
hypotéza ale nebyla zatim vérohodné potvrzena.

Oproti tomu u mysi byl nalezen pouze jeden homolog Kk proapoptotickym
TRAILovym receptorim (Wu et al., 1999) a dva decoy receptory (Schneider et al.,
2003).

1V.2.3 Fyziologicky vyznam a myS$i model

Fyziologicka role ligandu a jeho receptori nebo s nimi spojené choroby byly
intenzivné studovany také na zvitecich modelech.

V roce 2002 byla ziskdna prvni data z myS$iho modelu s deletovanym genem
pro ligand TRAIL. Tato zvirata nevykazovala zadné zasadni vyvojové vady, byla
zivotaschopna a fertilni (Cretney et al., 2002; Sedger et al., 2002). Stejn¢ na tom byly i
mysi, kterym chybél receptor pro ligand TRAIL (Diehl et al., 2004; Finnberg et al.,
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2005). Mladé mysi s vyfazenym genem pro ligand ¢i receptory nevykazovaly ani vyssi
frekvenci vzniku spontannich nadord, pouze s pfibyvajicim vékem byl pozorovan vétsi
pocet lymfomt (Zerafa et al., 2005). TRAIL” mysi byly ale vyrazn& nachylngjsi
ke vzniku nadorti po podani karcinogenu (Cretney et al., 2002). V souvislosti s tim je
tieba zminit, ze u SCID mysi, do kterych byly vpraveny rakovinné bunky rezistentni
k apoptotickému putisobeni ligandu TRAIL, byla po stimulaci ligandem TRAIL
zachycena zvySena tvorba metastaz (Malhi & Gores, 2006). Antiapoptoticka signalizace
od TRAILovych receptori vedla ke zvySené proliferaci a migraci téchto bunék.
Signaliza¢ni kaskady spusténé ligandem TRAIL se také podili na vzniku autoimunitnich
onemocnéni.  Blokovani TRAILové signalizace u indukovanych experimentalnich
autoimunit vyrazné zpomalilo vznik a priub€h téchto onemocnéni u mysich modeld —
napt. roztrousené sklerozy (Cretney et al., 2005), autoimunitni thyreotitidy (Wang et al.,
2005), diabetu nebo artritidy (Lamhamedi-Cherradi et al., 2003).

Exprese ligandu TRAIL je na hematopoetickych bunkach aktivovana a
regulovédna plejadou fyziologickych 1 patologickych podnéti. V bunéénych kulturdch
monocytd a i na mySich modelech byla zjisténa zvySena exprese ligandu TRAIL
po stimulaci lipopolysacharidem a interferony (Ehrlich et al., 2003). Interferony
spolecné s CpG oligodeoxynukleotidy také aktivovaly expresi ligandu TRAIL
na dendritickych bunkach (Kemp et al., 2003; Liu et al., 2001). Podobné IFN-y
indukoval expresi TRAILu na povrchu NK bunék. Spolecné s cytotoxickymi T
lymfocyty, které vyuzivaji ligand TRAIL, se vSechny tyto procesy uplatiiuji v odpoveédi
buniky na virovou infekci. Mysi infikované virem EMCYV, kterym byly podavany
inhibi¢ni protilatky proti ligandu TRAIL umiraly vyrazné rychleji nez kontrolni zvifata
(Sato et al., 2001).

Hlavni fyziologickou roli ma tedy ligand TRAIL a jeho receptory v kontextu
imunitniho systému, at’ uz se jedna o regulaci odpovédi na infekce nebo imunitni dohled

nad nadory a metastazemi (Schaefer et al., 2007).

IV.2.4 DISC a signaliza¢ni kaskady

Navazani trimerniho ligandu TRAIL k proapoptotickym receptoram TRAIL-
R1/DR4 ¢i TRAIL-R2/DR5 vede k DD zprostfedkované vazbé adaptorového proteinu
FADD, ktery posléze ptes své efektorové domény smrti (death effector domain, DED)

umoznuje vazbu dalSich proteint, pfedevsim prokaspazy-8, prokaspazy-10 a proteinu
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cFLIP. Vysledny multiproteinovy komplex, ktery zprostfedkovava apoptotickou
signalizaci, se nazyva DISC ((Kischkel et al., 1995; Kischkel et al., 2000; Sprick et al.,
2000).

Kaspazy jsou proteazy, které jsou produkovany jako neaktivni proenzymy a
(napt. kaspazy-8 ¢i -9) umoznuje jejich autokatalytické $tépeni. Vznikaji aktivni formy,
které jsou schopny stépit dalsi vétSinou jiz efektorové prokaspazy-3, -7 a -6. Tyto
kaspazy pak $tépi fadu dalSich substrati, coz ve vysledku vede k celkové dezintegraci
bunky projevujici se fragmentaci jadra a K rozpadu buiiky na jednotlivé vacky, které
jsou fagocytovany makrofagy. Kaspaza-10 se §tépi vétSinou s podobnou kinetikou jako
prokaspaza-8, ale jeji uloha v komplexu DISC je stale nejasna. Nebylo prokazano, ze by
byla schopna zcela zastoupit roli kaspazy-8 v bunkach, kterym tento protein chybi
(Sprick et al., 2002).

Dalsim proteinem, ktery se ptes DED doménu vaze na FADD ve stejném misté
jako prokaspéaza-8, je antiapoptoticky protein cFLIP. cFLIP je velmi homologni
S prokaspazou-8, ale postrada jakékoliv katalytické domény. Je exprimovan ve tfech
sestithovych variantach |, r a s, z nichZ zejména krat$i varianty r a s obsahujici jen dvé
DED domény velmi G¢inn¢ inhibuji vazbu, a tudiz i aktivaci kaspazy-8 (Thome et al.,
1997) . Nadprodukce delsi varianty cFLIP| také inhibuje apoptotickou signalizaci, ale
naproti tomu nizka exprese cFLIP| mize paradoxné umociovat autoaktivaci kaspazy-8
pravdépodobné vytvairenim nukleacnich center (Oztiirk et al., 2012).

Buiiky, kterym staci k indukci apoptozy aktivovat piimou kaspazovou kaskadu,
jsou oznacovany jako typ I. Oproti tomu buiky typu II vyZaduji jesté¢ zapnuti
mitochondrialni amplifikacni smycky (Barnhart et al.,, 2003). Aktivovana forma
kaspazy-8 §tépi protein Bid na zkracenou verzi tBid, ktera jednak kompetitivné inhibuje
antiapoptotické proteiny zrodiny Bcl-2 (napf. Bcl-2, Bcl-XL ¢i Mcl-1), jednak
interaguje s proapoptotickymi proteiny Bax a Bak na mitochondridlni membrané a
spole¢né umoznuji vytvoreni poru a uvolnéni cytochromu ¢ do cytosolu. Zde cytochrom
c véaze protein Apaf-1 a kaspdzu-9 a spole¢né vytvari proteinovy komplex zvany
apoptozom, ve kterém dochdzi k proteolytické aktivaci kaspdzy-9 a ta nasledné S$tépi
efektorové kaspazy (Yin, 2006). Permeabilizace vné&j$i mitochondrialni membrany také
umoznuje uvolnovani proteinu Smac/DIABLO, ktery kompetitivné inaktivuje protein
XIAP, inhibitor efektorovych kaspaz, a ktery také pfispiva ke zdarnému prubéhu
apoptotické signalizace (Waterhouse et al., 2002). Viz Obrazek 2.
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Obrazek 2: Model apoptotické signalizace spousténé ligandem TRAIL.

Po navazani trimerniho ligandu k receptorim TRAIL-R1/R2 se k cytoplazmatickym
death doménam (DD) receptorti navaze adaptorovy protein FADD, ktery umozni vazbu
prokaspaz-8/-10 a inhibitoru cFLIP. Dohromady tyto proteiny tvoii komplex DISC.
V ptimé apoptotické draze u bunék typu I jsou nasledné autokatalyticky odStépeny
aktivni formy kaspaz, které Stépi dalSi efektorové kaspazy. Bunky typu II vyzaduji
pro plnou efektivitu proapoptotickych procesti zmény na mitochondridlni membrang.
Aktivni formy kaspazy-8 a -10 $té€pi protein Bid na tBid, které spole¢né s proteinem
Bak zprostfedkuji permeabilizaci mitochondrialni membrany a uvolnéni dalSich
proapoptotickych faktord jako je Smac/DIABLO nebo proteiny vytvaiejici apoptozom.
(Pfevzato z Newsom-Dauvis et al., Apoptosis, 2009.)

Od aktivovanych receptori pro TRAIL se rozbihaji i signalni kaskady, které
nesmé&fuji k apoptotické smrti, ale mohou iniciovat proliferaci, diferenciaci ¢i migraci
bunky. Tyto signalni drahy, mezi néz patii aktivace transkripéniho faktoru NF-«kB a
mnohych kinaz (jako jsou MAP kinaza, stress kinazy JNK1/2 a p38 ¢i protein kinaza
C), jsou ligandem TRAIL indukovany v zavislosti na bunééném typu a podminkach.
Vyznamnou roli pfi jejich aktivaci hraje protein RIP1 (receptor interacting protein).
Ve specidlnim sekundarnim od membrany odtrzeném komplexu, ktery obsahuje

cytoplazmatické domény receptort TRAIL-R1/DR4 nebo TRAIL-R2/DRS, FADD i
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kaspazu-8 a ktery napomaha zapnuti vySe zminénych drah, byly zachyceny kromé
proteinu RIP1 také adaptorové proteiny TRAF2, TRADD a IKKy (Varfolomeev et al.,
2005). TRAILem indukovana antiapoptoticka signalizace je kromé NF-kB spojovana
také s aktivaci Erk1/2 (Secchiero et al., 2004) ¢i Akt (Secchiero et al., 2003) kinaz.

IV.2.5 Faktory ovliviiujici rezistenci bunék k apoptéze indukované ligandem
TRAIL

Rovnovdha mezi bunéénym d€lenim a programovanou smrti je nezbytna
pro zachovani tkanové homeostazy, proto 1 apoptéza je piisn¢ regulovany d¢&;.
Rezistenci ¢i citlivost buniky na apoptoticky signal ovliviiuje bunéény typ i celkovy
biochemicky kontext a v ptipad¢ signalizace spusténé ligandem TRAIL se ¢asto jedna o
nadprodukci apoptotickych receptorti, zménu proteinové exprese inhibitoru cFLIP a
kaspazy-8 nebo podporu vytvaieni komplexu DISC. Dale hraji roli komponenty
antiapoptotickych drah, proteiny Bcl-2, BCL-XL, Mcl-1, survivin, IAP nebo drahy Akt
a NF-xB (Shirley et al., 2011). Regulace se tedy v bufice odehrava na nékolika riznych

urovnich, z nichz nékteré jsou rozebirany dale.

a)  exprese receptoru a procesy na plazmatické membrané

Jednou z moznosti regulace TRAILem indukované signalizace je zména
povrchové exprese jeho receptor (Ravi et al., 2001). Napiiklad u rezistentnich bunék
rakoviny vaje¢nikt byla popsana hypermetylace promotoru pro TRAIL-R1/DR4 a jeho
vysledna snizena produkce (Horak et al., 2005a; van Noesel et al., 2002). Dalsi moznost
regulace piedstavuji takzvané decoy receptory, které vyvazuji ligand, ale jejichz
soucasti neni funkéni DD, takZe nedokdzi bunce zprostiedkovat apoptoticky signal
(Kimberley & Screaton, 2004; LeBlanc & Ashkenazi, 2003). Receptor TRAIL-
R4/DcR2 také muze vytvafet S proapoptotickym receptorem TRAIL-R2/DR5
heterotrimer, ktery ale nasledné neni schopen iniciovat tvorbu aktivniho komplexu
DISC (Mérino et al., 2006).

O tom, zda ptevladne pro- ¢i anti-apoptoticky program, mize rozhodovat i presné
umisténi receptorit pro TRAIL v cytoplazmatické membrané Naptiklad lokalizace Fas
receptoru do lipidovych rafti mize pozitivn€ ovlivnit jeho proapoptotickou signalizaci.
V submembranovych lokalizacich hraji dulezitou roli posttranslatni modifikace

receptortl, jako je glykosylace a palmitylace, které mohou podporovat agregaci death
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receptori a sméfovat je dle stavu bunky do riznych ¢asti plazmatické membrany
(Chakrabandhu et al., 2007). Také pro TRAILem indukovanou apoptotickou signalizaci
byl publikovan pozitivni vliv lokalizace receptori do membranovych domén bohatych
na cholesterol (Song et al., 2007), TRAIL-R1/DR4 je na rozdil od TRAIL-R2/DR5
za ur¢itych okolnosti palmitylovan (Rossin et al., 2009), ale zasadni vliv této
posttransla¢ni modifikace na aktivaci kaspazy-8 nebyl zatim nalezit¢ prokazan.

Také O-glykosylace extracelularnich ¢asti receptort TRAIL-R1/DR4 a TRAIL-
R2/DRS5 pozitivné ovliviiuje jejich agregaci a je spojovana s efektivnim formovanim

komplexu DISC a spousténim apoptozy (Wagner et al., 2007).

b) internalizace

Internalizace aktivovanych receptori mize byt dalSim regulacnim faktorem
v death receptory indukované apoptotické signalizaci. Donedavna byla povaZzovana
zapouhy nastroj k ukonceni signalizace, kdy receptory jsou bud degradovany
v lyzozomech, nebo zbaveny ligandu a vraceny zpét na povrch. Je vSak znamo, ze
napiiklad pro plnou aktivaci receptoru pro epidermalni ristovy faktor ¢&i aktivaci
inzulinového receptoru je nezbytnd jejich internalizace, teprve na povrchu
endocytickych vacka dochazi ke spravnému kontaktu potiebnych signdlnich molekul
(Miaczynska et al., 2004).

V pifipadé¢ aktivovaného receptoru TNFR1 neinternalizovany membranovy
komplex spousti zeyména NF-«kB signalizaci, zatimco internalizovany cytoplazmaticky
receptorovy komplex vytvaii DISC a aktivuje St€peni kaspazy-8 (Micheau & Tschopp,
2003). Tyto vysledky potvrdila i prace z laboratofe Stephana Schiitzeho, kdy
zablokovani klatrinové endocytézy v epitelidlnich builkach zabranilo po navazani
ligandu na TNFR1 tvorbé DISCu a inhibovalo spusténi programované bunécné smrti,
zatimco aktivace NF-kB zustala nedotéena (Schneider-Brachert et al., 2004).

Podobné¢ i stimulace ligandem FasL vede k indukované klatrinové endocytoze Fas
receptoru (Lee et al., 2006). Uz 3 minuty po piidani FasL kolokalizuje s proteiny
typickymi pro rané endozoémy jako je endosome-associated protein 1 (EEA1). DISC je
v tomto piipad¢ formovan nejspi$ jiz na cytoplazmatické membrané, ale prokaspaza-8
je Stépena aZz ve vnitrobunécném prostiedi. Bunky, kterym bylo zabranéno
V internalizaci receptorovych komplexti, vykazovaly zvySenou aktivaci proliferacnich

signalnich drah proteinti Erk a NF-«B.
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Nasledné bylo zjisténo, Ze internalizace receptorovych komplexii TNFRI1 a
aktivované kaspdzy-8 je nezbytnd pro funkci kysel¢ sfingomyelindzy. Kaspazou-8
aktivovana kaspaza-7 Vv prostiedi multivezikularnich endozoémii §tépi pifimo proenzym
kyselé stingomyelindzy a ten pak produkuje ceramidy. Ty se pak podileji na efektivnim
prubéhu apoptotické signalizace a aktivuji lyzozomalni protedzy katepsiny a
napomahaji Stépeni proteinu Bid (Edelmann et al., 2011). Pozitivni role kyselé
sfingomyelinazy, ktera je obsazena vétSinou v trans-Golgi vaccich, byla popsana i
pro ligand Fas a TRAIL (Dumitru & Gulbins, 2006; Lin et al., 2000).

Pribéh internalizace TNFR1 po navazani ligandu a nésledné signalizacni déje

znéazornuje Obrazek 3.
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Obrazek 3: Vliv internalizace a kyselé sfingomyelindzy (ASM) na TNF-R1 signalizaci.

Membranoveé vazany receptor TNF-R1 s navazanym ligandem TNFa vytvafi proteinovy
komplex, jehoz soucasti jsou adaptorové proteiny TRADD, TRAF-2 a RIP-1 a ktery
vede k aktivaci jaderného faktoru NF-kB. B&hem nékolika minut je tento komplex
endocytovan do klatrinem obalenych vackt a NF-xB signalizace je ukon¢ena pomoci
ubiquitinylace a degradace proteinu RIP-1, které zprostfedkovavaji E3 ligazy CARP-2/-
1 a A20. Kinternalizovanému receptoru se navazi dal$i proteiny vytvaiejici smrt
indukujici signaliza¢ni komplex (death inducing signaling complex, DISC): adaptorové
proteiny TRADD a FADD a prokaspaza-8. V ramci DISCu je kaspaza-8 Stépena,
aktivovana a nasledné¢ miiZze Stépit prokaspazu-3. Béhem endocytické drahy TNF-
receptozomy  fizuji s trans-Golgi  vaCky obsahujicimi  proenzymy  kyselé
sfingomyelinazy (pro-ASM) a Kkatepsinu D (pre-proCTSD) a spoleéné vytvari
multivezikularni téliska (MVB). Uvnitt MVB aktivuje kaspaza-8 efektorovou kaspazu-
7, ktera umoznuje §tépeni pro-ASM, aktivovana ASM pak produkuje ceramidy, které
zprostfedkovavaji aktivaci katepsini D. Katepsiny se pak podileji na spusténi
mitochondridlni amplifikacni smycky pomoci proteini tBid a kaspazy-9 vedouci
K plnému rozvinuti programované bunééné smrti. Na obrazku jsou vyznaceny
charakteristické povrchové proteiny jednotlivych vackl. (Pfevzato z Schiitze et al.,
Nature Reviews Molecular Cell Biology, 2008.)
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Vztah mezi internalizaci receptorii pro TRAIL a apoptézou neni doposud pfilis
jasny. Recentni prace k dané tematice od Susan L. Kohlhass napiiklad ukazuje, ze
v prostiedi bunééné linie BJAB dochazi k ligandem TRAIL indukované formaci
komplexu DISC, aktivaci kaspaz a spusSténi apoptézy i pii zablokovani klatrinové
endocytozy. Do bunck vsak tyto receptory mohou pravdépodobné vstupovat nékolika
riznymi endocytickymi cestami, nejen klasickou klatrinovou (Kohlhaas et al., 2007).
Situace je navic komplikovéna faktem, Zze proteiny endocytické drahy mohou byt
zaroven substraty aktivovanych kaspaz, takze TRAILem indukovana apoptoticka
signalizace mize endocytozu aktivovanych receptorti nasledné inhibovat (Austin et al.,
2006). Ze zminovanych praci tedy vyplyva, Ze endocytéza neni rozhodujicim krokem
k aktivaci apoptotickych drah spousténych ligandem TRAIL.

V rozporu s témito zjiSténimi je prace Akazawy a spol. z roku 2009 na buiikédch
odvozenych karcinomu jater Huh-7, ktera tvrdi, Ze internalizace TRAIL-R2/DR5 a
smétovani receptorovych komplexi do lyzozému je nezbytna k uvolnéni lyzozomalnich
proteaz do cytosolu a k uspé$nému prub&hu programované bunééné smrti (Akazawa et
al., 2009).

Presny molekularni zaklad vétSiny téchto déji vsak zlstdva nejasny a zda se byt

navic bunééné specificky.

c)  vytvareni komplexu DISC a aktivace kaspazy-8

Vyznamnym prvkem v TRAILové signalizaci je vytvafeni komplexu DISC a
aktivace kaspazy-8. Dulezitym regulatorem je protein cFLIP, ktery se vaze do stejného
mista na adaptorové proteiny v ramci komplexu DISC jako prokaspaza-8, ale postrada
dalsi katalytické schopnosti. Nékteré viry jsou dokonce schopny si kodovat vlastni
variantu tohoto antiapoptotického proteinu (Thome et al., 1997). Zvysena exprese
proteinu cFLIP tedy pfedstavuje zakladni nastroj inhibice apoptotické signalizace,
napiiklad az 40% bunéénych vzorkd odvozenych z rakoviny vaje¢nikii vykazovalo
vyrazné zvySenou hladinu proteinu cFLIP (Horak et al., 2005b). Bylo potvrzeno, ze
snizeni produkce proteinu cFLIP pomoci malych RNA zcitlivuje rezistentni buiky
k pusobeni ligandu TRAIL (Geserick et al., 2008). Jiné rakovinné bunétné typy zase
vykazuji sniZzenou proteinovou expresi kaspazy-8 (Hopkins-Donaldson et al., 2000).
Pomér mezi zastoupenim proteinti cFLIP a kaspazou-8 v ramci komplexu DISC hraje

tedy zasadni roli.
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Dalsi mechanizmus regulace piestavuje polyubiquitinylace kaspazy-8 pomoci E3
ligazy cullin3 po navazani ligandu na receptory TRAIL-R1/DR4 a TRAIL-R2/DR5,
ktera vede K jeji rychlejsi agregaci a efektivnimu Sté€peni (Jin et al., 2009). Na druhou
stranu vazba adaptorového proteinu TRAF2 na kaspazu-8 iniciuje jeji sméfovani
do proteazému a degradaci (Gonzalvez et al., 2012).

Funkci aktiva¢niho komplexu DISC ovliviiuji i dalsi proteiny, které byly objeveny
vétSinou pomoci protein-protein interakénich studii. Jedna se naptiklad o 1G-20,

RassFAL, DEDD2, PEA-15, MADD a PRMT5 (Shirley et al., 2011).

d) aktivace efektorovych kaspaz a mitochondrialni amplifika¢ni smycka

Jiny z regula¢nich boda piedstavuji inhibiéni proteiny z rodiny IAP (inhibition of
apoptosis protein), které interaguji S aktivovanymi kaspazami a blokuji jejich
enzymatickou aktivitu. Velmi vyznamnymi regulatory apoptotické signalizace jsou také
proteiny z rozsahlé rodiny Bcl-2 (B-cell lymphoma 2), ktera zahrnuje jak proapoptotické
tak antiapoptotické Cleny a ovliviiuje uvoliiovani kaspdzovych aktivatorii (napf.
cytochrom ¢ a SMAC/Diablo) z mitochondrii.

Zvysena exprese IAP proteinu XIAP byla pozorovana u rakovinnych bunck
prostaty (Huang et al., 2004; Makhov et al., 2008) a antiapoptotickych proteinti Bcl-2 a
Bcl-XL u rezistentnich prostatickych bunék (Fulda et al., 2002; Hinz et al., 2000). Dalsi
antiapoptoticky ¢len Bcl-2 rodiny protein Mcl-1, ktery vaze a negativné ovliviiuje
funkci proapoptotickych proteini z rodiny BH3 jako je Bim, Bid, Puma a Bak,
zpusobuje rezistenci k ligandu TRAIL zase u rakovinnych bunék zluc¢ovych cest (Taniai
etal., 2004).

1VV.2.6 Klinické studie

Na rozdil od TNFa a FasL, které v mysich modelech vykazovaly zna¢nou cyto- a
hepatotoxicitu (Leist et al., 1996), rekombinantni TRAIL sam o sobé nevykazuje tyto
vedlejsi ucinky, a to jak v mySich modelech, tak i u pacientti (Ashkenazi et al., 1999;
Herbst et al., 2006; Walczak et al., 1999). Obdobn¢ dobie jsou v ramci klinickych testi
snaseny agonistické protilatky proti TRAILovym receptorim

V Klinickych testech jsou vedle rekombinantniho TRAILu a agonistickych
protilatek testovany i genové transfery ligandu TRAIL do nadorovych bun¢k (Griffith et
al., 2008).
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1V.2.6.1 Monoterapie rekombinantnim ligandem i agonistickymi protilatkami

Po preklinickych zkouskach byly do klinickych testi uvedeny rekombinantni
TRAIL (aminokyseliny 114-281, Dulanermin, Genentech) a agonistické anti-TRAIL-
R1/DR4 a anti-TRAIL-R2/DR5 humanizované monoklonalni protilatky (Kelley &
Ashkenazi, 2004)

Mezi nejpouzivangj$i preparaty ztady agonistickych protilatek patii
Mapatumumab (anti-TRAIL-R1/DR4, HGS), Lexatumumab (anti-TRAIL-R2/DRS5,
Amgen) a Apomad (anti-TRAIL-R2/DR5, Genentech). Oproti rekombinantnimu
ligandu je jejich vyhodou receptorova selektivita a také jejich stabilita v lidském séru
(14-21 dni, ve srovnani s 30-60 minutami v ptipadé rekombinantniho ligandu) (Walczak
etal., 1999).

Nad¢jné vysledky preklinickych studii, kdy rekombinantni ligand ¢i agonistické
protilatky uspéSné eliminovaly rakovinné bunikky odvozené =z riznych malignit:
leukémie, mnohocetného myelomu, plic, jater, stfeva, prsu, prostaty, pankreasu, ledvin i
stitné zlazy (Newsom-Davis et al., 2009) ale nebyly reflektovany ve fazi 1 a II
Klinickych testi u nadorovych pacientii. Samotny ligand ¢i agonistické protilatky napf.
Mapatumumab u pacientd s non-Hodginovym lymfomem (Younes et al., 2005) a
pacientl se solidnimi nadory tlustého stieva, vaje¢nikii a prostaty (Greco et al., 2008;
Hotte et al., 2008; Le et al., 2004) vykazovaly jen velmi limitni pozitivni vysledky
(Caste¢na remise nebo stabilizace choroby). Lécba byla ale vétSinou dobfe snaSena
S minimalnimi vedlejSimi u¢inky a toxicita uZivanych preparati byla zaznamenana
pouze pii podani vysokych davek.

Rezistenci nékterych primarnich nadorti k monoterapii se posledni dobou snazi

mnohé studie obejit kombinaci s dal§imi cytostatiky.

1V.2.6.2 Kombinovanad testovaci terapie

Velmi Casta necitlivost primarnich rakovinnych bun¢k k indukované apoptoze
vede Kvyzkumu kombinované 1éCby a jsou hledany terapeutické pristupy, dalsi
cytostatika ¢i imunologicky aktivni latky, které by podpofily protinadorové vlastnosti
ligandu TRAIL (Ganten et al., 2006). Mezi cytostatika, ktera jsou pouzivana spolu
s ligandem TRAIL patii karboplatina, paclitaxel (Chow et al., 2006), cisplatina
(Oldenhuis et al., 2008), 5-fluorouracil, doxorubicin (Sikic et al., 2007) ¢i ionizujici
zéieni. Uspéch v piekonavani rezistence rakovinnych bunék zaznamenalo i pouzivani

nasledujicich latek: protilatek proti CD20 rituximab (Daniel et al., 2007), inhibitora
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proteazomu bortezomib a MG321, které podporuji mitochondridlni amplifikacni

smycku (Ganten et al., 2005; Leverkus et al., 2003), inhibitori histondeacetylazy,
inhibitord PI3K-Akt signaliza¢ni drahy jako je LY294002 (Secchiero et al., 2003) nebo

rapamycin (Panner et al., 2005).

Dalsi latky jsou neustale testovany (Hellwig & Rehm, 2012), v Tabulce 1 jsou

uvedeny chemikalie, které Uspé$né zcitlivovaly bunééné linie odvozené od rakoviny

tlustého stfeva, a mechanismus jejich ptisobeni na signaliza¢ni kaskadu ligandu TRAIL.

Drug-induced effects to overcome TRAIL -resistance in colorectal cancer and cell lines

Drug Effect to overcome TRATL -resistance Cell line(s) studied
Cisplatin DISC formation 1 HT29
Camptothecin TRATL-receptors 1 HCTI116
CPT-11 TRATIL -receptors 1 colon tumors
Type II — type L cells HCT116
Etoposide TRAIL -receptors 1 HCTI116
DISC formation 4 HT29
Doxorubicin DISC formation 1 HT29
Unknown SW480
Interferon-y Caspase 8 1 HT-29
SW480
NSAIDs (sulindac) Mitochondrial pathway + HCT116
HCT15
SW480
HT29
Ps-341 TRATL -receptors t HCTI116
Mitochondrial pathway 4
MG132 TRATL-receptors HCTI116
Mitochondrial pathway +
Resveratrol Formation death receptors in lipid rafts HT29
HCT116
Butyrate TRATL-receptors 1 HT29
HCT116
c-FLIP | KM12C
KML4A
KM20
Tunicamyein TRAIIL -receptors 1 SWA4R0
Nitroprusside Mitochondrial pathway 4 CX-1

Tabulka 1: Cytostatika pouzivana v kombinované 1é¢b¢ a jejich efekt na zcitlivovani
kolorektalnich bun€k a bunécnych linii rezistentnich na plsobeni ligandu TRAIL.

(Ptevzato z Van Geelen et al., Drug Resistance Updates, 2004.)
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V. Vysledky

V.1 Inhibice vakuolirni ATPazy zpomaluje aktivaci kaspazy-8 spusténou
ligandem TRAIL a zaroven ovliviiuje bunéfny transport receptorovych

komplexu obsahujicich tento ligand.

(komentat k publikaci Horova V., Hradilova N., Jelinkova L., Koc M., Svadlenka
J., Brazina J., Klima M., Slavik J., Hyrslova Vaculova A., Andéra L.: Inhibition of
vacuolar ATPase attenuates the TRAIL-induced activation of caspase-8 and modulates
the trafficking of TRAIL receptosomes. FEBS Journal, 2013)

Regulaéni vliv internalizace aktivovaného receptoru a jeho nasledného pohybu
uvniti bunky na vyslednou signalizaci je Siroce diskutovan, ale v ptipad¢ ligandu
TRAIL je situace pomérné nepichledna (Akazawa et al., 2009; Austin et al., 2006;
Kohlhaas et al., 2007). Nejednozna¢nost doposud publikovanych dat nas vedla k blizsi
analyze této zajimavé problematiky.

Nejprve jsme na modelovych kolorektalnich nadorovych bunéénych liniich
sledovali kinetiku a bunééné umisténi TRAILem aktivovanych receptorovych
komplexti. Pro tyto ucely jsme pfipravili rekombinantni rozpustny protein TRAIL
znaceny fluorescencni znackou Alexa 647 a pomoci konfokalni mikroskopie jsme
analyzovali jeho lokalizaci v bunikach. Pouzili jsme protilatky proti slozkam a
specifickym proteinim jednotlivych endocytickych drah jako jsou obalové proteiny
klatrin, kaveolin, antigen ranych endozomi EEA-1, antigen Golgiho aparatu GM130 ¢i
trans-Golgiho aparatu VtilB, antigen lyzozomalnich vacka LAMP2 a také
fluorescenéné znaceny protein transferrin, ktery je endocytovan klasickou cestou
zavislou na klatrinu. Dospéli jsme k zavéru, ze v modelovych bunéénych liniich HCT-
116 a DLD-1 je ligand TRAIL takika okamzité po navazani na receptor internalizovan
do klatrinem obalenych endozémi, které se postupné okyseluji a nejdiive po dvou
hodinach splyvaji s lyzozomy. Nepozorovali jsme zadné shodné barveni vackt zaroven
ligandem TRAIL a kaveolinem nebo povrchovymi antigeny pro Golgiho aparat.

V ramci studia role lyzozoému v signalizaci indukované ligandem TRAIL jsme se
v dal$im kroku, ktery je jiz obsahem komentované publikace, pokusili zablokovat fzi
pozdnich endozoému s lyzozémy a ovlivnit vysledek apoptotické signalizace
u senzitivnich buné¢k HCT116, Colo 206F a DLD-1. Za timto ucelem jsme pouzili
chemicky inhibitor E64d, ktery je schopen inhibovat aktivitu katepsind, tedy
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lyzozomalnich protedz. Dale jsme pomoci malych RNA snizili v buitkdch zastoupeni
proteinu rab7, malé GTPazy, ktera se vyskytuje na membranach pozdnich endozomu a
zajiStuje prub¢h faze slyzozomem. V neposledni fadé¢ jsme pomoci chemickych
inhibitord vakuolarni ATPazy bafilomycinu Al a konkanamycinu A blokovali
acidifikaci endozoémi a lyzozomu.

Sledovali jsme vliv zvolenych metod na aktivaci efektorové kaspazy-3 a Stépeni
jejiho substratu cytokeratinu 18 (metoda barveni protilatkou M30, ktera rozeznava
Stépenou formu cytokeratinu, a stanovovani zastoupeni M30 pozitivnich apoptotickych
bunék v kultuie pomoci prutokové cytometrie).

Ovlivnéni katepsinii ani omezeni produkce proteinu rab7 nemélo na aktivaci
apoptdzy zasadni vliv, ale zastaveni acidifikace vnitrobunécnych kompartmenti pomoci
bafilomycinu Al vyrazné snizilo TRAILem indukovanou proapoptotickou signalizaci
reflektovanou aktivaci kaspazy-3.

Inhibice V-ATPazy G¢inné potlacovala spusténou apoptotickou signalizaci nejen
po hodinové preinkubaci bunék s bafilomycinem Al, ale i v piipadé, kdy byl inhibitor
dodan zaroven s ligandem TRAIL nebo kdyz byl inhibitor p¥idan 20 minut po aplikaci
ligandu. Ucinek bafilomycinu Al a konkanamycinu A jsme testovali i na kulturach
jinych bunéénych typi (napiiklad liniich odvozenych z rakoviny délozniho ¢ipku HeLa,
jater HUH-7 ¢i prostaty PC3). Vysledek byl vzdy srovnatelny s pfedchozimi zjisténimi,
predchazejici inkubace s inhibitory intravezikularni acidifikace snizovala citlivost
téchto bun€k k pusobeni ligandu TRAIL. Byli jsme tedy svédky obecného a velmi
rychlého inhibi¢niho efektu.

Soucasné se ale jedna 0 jev relativné Casové omezeny projevujici se zejména
béhem 2-3 hodin plsobeni ligandu TRAIL. Posléze cytotoxicita ligandu pfevladne a
po 4 hodinach je zastoupeni apoptotickych bunék v populaci srovnatelné s kontrolou
bez pfidaného inhibitoru.

Tento fenomén nas privedl kK domnénce, ze BafAl ovliviiuje mitochondrialni
amplifikaéni smycku, kterd za normadlnich okolnosti zrychluje priabéh programované
bunécné smrti dalsim Stépenim kaspazy-3. Testovali jsme tedy vliv BafAl i na HCT-
116 bunkach s deletovanym genem pro protein Bax, které nejsou schopny zapnout
mitochondrialni signalni kaskadu. Pfekvapivé jsme u téchto bunék zaznamenali jeSté
vyrazngjsi inhibi¢ni vliv BafAl na TRAILem indukovanou apoptotickou signalizaci. To
potvrdilo nas predpoklad, ze funkéni mitochondridlni smycka je tim prvkem, ktery

Casoveé omezuje a posléze pirekonava inhibi¢ni vliv blokované endozomalni acidifikace.

36



Na druhou stranu se ukazalo zfejmym, ze BafAl pusobi na jiné aktivacni respektive
regulacni slozky v signalizaci od receptord TRAIL-R1/DR4 a TRAIL-R2/DR5 nez je ta
mitochondrilni.

Abychom se vratili k mySlence ovliviiovani flze intracelularnich vacka
S lyzozémy, provedli jsme soubor pokust, které mély za cil vizualizovat, co se déje
v buiice po ptidani inhibitoru BafAl a co spole¢né s ligandem TRAIL. Pomoci
Lysosensoru, fluorescenéni znacky rozeznavajici kyselé prostiedi, jsme si potvrdili, ze
BafAl vyrazné snizuje pH v bézné acidickych kompartmentech. Mikroskopické studie,
kdy jsme pouzili protilatky proti lyzozomalnim markertim LAMP3 a LAMP2, soucasné
naznacily, Zze po pouziti BafAl dochazi i k morfologickym a kvantitativnim zménam
téchto intracelularnich kompartmentd. Inhibice vakuolarni ATPazy tedy opravdu
vyrazné méni slozeni a tvorbu lyzozoém respektive kyselych vack.

Déle jsme sledovali, zda se méni endocytéza rozpustného fluorescenéné
znaCeného ligandu TRAIL po pfidani inhibitoru a zévéry z imunofluorescencnich
pokust by se daly shrnout do nasledujicich bodi. Po hodinové inkubaci bunééné kultury
s bafilomycinem Al nasledované dodanim ligandu TRAIL:

1.  se snizuje kyselost Lysosensorem rozeznavanych nitrobunécnych vacku a

snizuje se i pocet vackl barvenych lyzozomalnim markerem LAMP3

2. se tvofi vyrazné opozdéné jasné vacky obsahujici znaCeny ligand TRAIL

(cca 0 30 - 45minut)

3. zaroven tyto vacky obsahujici ligand TRAIL nejsou barveny v prvnich dvou

hodinach lyzozomalnimi markery

Z tohoto pohledu se zda, Ze jsme nezablokovali fuzi s lyzozomy, ale Ze také
Vv dotéené dobé (v prvnich 2 hodinach po ptidani ligandu TRAIL) k zadné nedochazi ani
za normalnich okolnosti. Ukazuji na to experimenty, kdy jsme barvili zaroven §tépenou
formu kaspazy-8 a antigeny na povrchu lyzozoml. Aktivovana kaspaza-8 je
pozorovatelnd ve stejnych vaccich jako fluorescencné barveny ligand TRAIL jiZ po 20
minutach jeho pisobeni, zatimco ke shodnému barveni s lyzozomalnimi markery
nedochazi ani po 90 minutach. Také z pokust s E64d a SiRNA proti rab7 neni zfejmé,
ze by omezené pusobeni lyzozomalnich proteaz po permeabilizaci lyzozomadlni
membrany (LMP) respektive zablokovana fize s lyzozomy mély vliv na aktivaci

apoptdzy spusténé ligandem TRAIL.
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Inhibice intravezikuldrniho okyselovani tedy zasadné ovliviiuje vytvareni
endozomalnich vackl obsahujicich ligand TRAIL pobliz jadra, ale rozhodné se nejedna
o lyzozomy. SpiSe jsou zasazeny pozdni endozomy nebo multivezikularni téliska.

S postupnym okyselovanim endocytickych vackia je spjata také aktivace kyselé
sfingomyelinazy (ASM) a nasledujici produkce ceramidi. Ceramidy byly popsany jako
druzi poslové, ktefi amplifikuji a zrychluji apoptotickou signalizaci od mnohych death
receptort (Zeidan & Hannun, 2010). Rozhodli jsme se proto ovéfit hladinu buné¢nych
sfingolipidl za ptitomnosti BafA1l a bez néj. Roli ASM v pozorovaném d¢ji jsme overili
pouzitim jejiho inhibitoru desipraminu.

Data ziskand zhmotnostni spektrometrie nas vSak nedovedla k zadnému
zasadnimu zjisténi. Koncentrace ceramidu 16, 18 a 24 ani sfingosinu C-18 a sfingosin-
1-fosfatu se v buiice béhem inkubace s BafAl neméni a ani pfidani inhibitoru ASM
desipraminu nema vyrazny vliv na snizeni citlivosti bunék k ligandu TRAIL zptsobené
inhibitorem BafAl. Pfidani externiho nejbéznéjsiho ceramidu C-18 nebo sfingosinu C-
18 také nezajistilo zvraceni inhibi¢niho efektu BafAl.

Po vylouceni vlivu mitochodrialni amplifika¢ni smycky, LMP 1 aktivity ASM
jsme se zaméfili na nejranéj$i faze signalni kaskady po navazani ligandu TRAIL
k odpovidajicimu receptoru. Studovali jsme mozné zmény v expresi receptort, jejich
internalizaci a formovani signaliza¢niho komplexu DISC, a postupujici aktivaci pro- i
anti-apoptotickych drah.

A zjistili  jsme nasledujici - po hodinové inkubaci bunétné kultury
s bafilomycinem Al nasledované pridanim ligandu TRAIL:

1. exprese death receptori TRAIL-R1/DR4 a TRAIL-R2/DR5 i jejich

internalizace zlistavaji nezménéné

2. Vburce je vprvni hodiné po pfidani cytotoxického ¢inidla méné $tépena

kaspaza-8 a -3 i jejich substraty PARP-1 a cFLIP

3. NF-«B draha zistava beze zmén, stejné tak fosforylace Erk1/2 ¢i INK

4. Kk inhibici a pomalejsimu Stépeni prokaspazy-8 ve srovnani s kontrolou

dochazi jiz v ramci proteinového komplexu DISC (spolu s prokaspazou-10),

jinak je tento komplex nezménén

Aktivaci kaspazy-8 vazanou na komplex DISC velkou mérou ovliviluje i plisobeni
inhibitoru cFLIP, ktery se bézn¢ vaze K intracelularnim doménam receptort TRAIL-
R1/DR4 a TRAIL-R2/DR5. Jeho roli jsme otestovali pomoci klont bunék DLD-1,
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ve kterych jsme vyuzitim kratkych RNA vnesenych do genomu virovou transdukci
stabiln¢ snizili expresi proteinu cFLIP. Zaznamenali jsme, ze klony s blokovanou
produkci cFLIP vykazuji jednak vyrazné zvysSenou citlivost na cytotoxické plisobeni
ligandu TRAIL, ale zaroven piestavaji byt citlivé k inhibi¢nim G¢inkim BafAl. To by
mohlo podporovat teorii, Ze jen velmi malé vychyleni stochiometrickych pomért
Vv zastoupeni jednotlivych proteinti v komplexu DISC dokaze zménit celkové vyznéni
apoptotické signalizace a to nehledé na zmény v acidifikaci endozomu.

Pifinosem prezentované publikace je tedy zjiSténi, ze v pfipad¢ signalizace
vyvolané ligandem TRAIL hraje zasadni roli spravnd funkce vakuoldrni ATPazy a
postupna intravezikuldrni acidifikace. Inhibice téchto regulacnich komponent ma
za nasledek vyrazné€ nizsi citlivost rakovinnych bunék k ptsobeni ligandu TRAIL, ktera
se projevuje neefektivnim Stépenim prokaspdzy-8 a zpomalenym formovéanim
nitrobunéénych vacka obsahujicich proteinovy komplex s ligandem TRAIL. Zjistili
jsme, Ze tento jev je nezavisly na NF-kB draze, mitochodrialni amplifikacni smycce i
lyzozomalnich protedzach, stejné¢ tak jako na aktivaci kyselé sfingomyelindzy a

produkci ceramidu.
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V.2 Adaptorovy protein ARAP1 se u¢astni mobilizace receptoru TRAIL-R1/DR4

k plazmatické membrané

(komentar k publikaci Simova S., Klima M., Cermak L., Sourkova V., Andéra L.:
Arf and Rho GAP adapter protein ARAPL participates in the mobilization of TRAIL-
R1/DR4 to the plasma membrane. Apoptosis, 2008)

Kone¢na odpovéd bunky po navazani ligandu TRAIL k jeho odpovidajicim
receptorim na povrchu je souhrou pisobeni mnoha proapoptotickych a
antiapoptotickych signalizacnich drah. Regulace téchto drah probihd na nékolika
urovnich a jeden z vyznamnych mechanizml piedstavuje uz ovlivnéni membranové
exprese apoptickych receptori TRAIL-R1/DR4 a TRAIL-R2/DRS5 a jejich efektivni
trimerizace.

Zakladni funkéni sloZeni proteinového komplexu DISC, ktery se vytvaii okamzité
po oligomerizaci receptoru, je jiz dikladné prostudovano. Sklada se
z cytoplazmatickych death domén (DD) transmembranovych receptort, adaptorového
ale objevuji dalsi a dalsi proteiny, které se vazi na jednotlivé komponenty komplexu
DISC a které se riiznou mérou podileji na jeho aktivaci ¢i inhibici. Pokusili jsme se
proto najit nové partnery death receptori pomoci kvasinkového dvouhybridniho
systému. Provedli jsme rozsahlé prohledavani sav¢i cDNA knihovny a zachytili jsme
novy protein interagujici s receptorem TRAIL-R1/DR4, ktery jsme posléze
identifikovali jako ARAP1 (centaurin-62).

ARAP1 je adaptorovy protein vykazujici aktivity Arf GAP a Rho GAP z rodiny
AZAP. Tyto proteiny funguji jako GTPazy a vétsinou pomahaji disociaci a recyklaci
malych G-proteinti a ucastni se cytoskeletarnich zmén uvnité bunky. Patii mezi né
naptiklad ArfGAP1, ktery se podili na tvorbé obalenych transportnich vacki (Randazzo
& Hirsch, 2004). Dalsi ¢len této rodiny ACAP1 se vaze na cytoplazmatickou cast
transferrinového receptoru a umoznuje jeho recyklaci (Dai et al., 2004). ARAP1 ma tfi
znamé sestiihové varianty, pficemZ nami objevend varianta interagujici s receptorem
TRAIL-R1/DR4 neobsahuje produkt exonu 30, kterym je jedna z C-terminalnich PH
(pleckstrin homology) domén. Dalsi nami testované sestiihové varianty proteinu
ARAP1 s receptorem TRAIL-R1/DR4 neinteragovaly, stejné jako ptibuzné proteiny
ARAP2 a ARAP3.
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Vzajemna interakce TRAIL-R1/DR4 a ARAP1 byla potvrzena také v lidskych
bunikach HEK293T. Spole¢né imunoprecipitace nadprodukovanych proteintt TRAIL-
R1/DR4 a dele¢nich mutanti ARAP1 ukazaly, Ze se tento adaptorovy protein vaze svoji
C-koncovou casti do oblasti N-konce death domény receptoru TRAIL-R1/DR4 ptilehlé
k plazmatické membrané. Endogenni protein ARAP1 byl precipitovan pomoci
protilatek proti TRAIL-R1/DR4 pouze ve Stépené formé po pridani ligandu TRAIL
k bunikam, coZz nasvédCuje spoleéné interakci zavislé na aktivaci kaspaz. Dal$im
dikazem podporujicim existenci vazby mezi témito proteiny byla mikroskopicka
pozorovani nadprodukovanych proteinii v NCTC buiikach. Imunofluorescenéni barveni
ukazala, ze se ARAP1 a TRAIL-R1/DR4 spole¢né nachazeji predevsim na plazmatické
membrané a v endoplazmatickém retikulu a po ptidani ligandu TRAIL jsou spole¢né
internalizovany do ranych endozému rozeznavanych protilatkou proti proteinu rab5.

Funkéni studie naznacily, ze nadprodukce proteinu ARAPI nevede K ovlivnéni
povrchové exprese TRAIL-R1/DR4 ani k ovlivnéni apoptotické signalizace spusténé
ligandem TRAIL, pouze ke zvySené expozici fosfatidylserin na plazmatické
membrang. Oproti tomu snizend hladina endogenniho proteinu ARAP1 pomoci siRNA
snizovala u vétSiny testovanych bun¢k expresi TRAIL-R1/DR4 na povrchu bunky
bez ovlivnéni jeho celkového proteinové zastoupeni v buiice. Soucasné takto potlacena
exprese proteinu  ARAP1 zpomalovala apoptéozu vyvolanou ligandem TRAIL.
Pozorovany jev se dal kvantifikovat pomalejsim §tépenim cytokeratinu-18 (substratu
aktivované kaspazy-3), inhibovanym $tépenim proteint kaspaza-8, PARP1 a Bid nebo
pomalejsi fosforylaci kinazy JNK.

VSechna tato zjisténi napovidaji tomu, Ze adaptorovy protein ARAP1 se podili
naregulaci bunéného transportu TRAIL-R1/DR4 na plazmatickou membranu a
ovliviiyje kinetiku programované bunécné smrti spusténé ligandem TRAIL.

Role adaptorového proteinu ARAP1 v tvorbé endozomalnich vacki neni
prekvapiva vzhledem k funkcim jeho ptibuznych proteint. I v jeho ptipadé uz bylo
publikovano, Ze se podili na transportu proteinti mezi Golgiho aparatem a plazmatickou
membranou (Miura et al., 2002). Také misto interakce s proteinem ARAP1
Vv cytoplazmatické doméné death receptoru TRAIL-R1/DR4 se casteéné piekryva
Smistem pro vazbu proteini AP2 a NECAP, adaptorovych proteinli nezbytnych
pro tvorbu klatrinem obalenych vacku (Brett et al., 2002; Ritter et al., 2007). A jiz

nékolikrat v minulosti bylo popsano, ze potlaceni povrchové exprese death receptord

41



vede ke zvySené rezistenci rakovinnych bun€k ke stimulaci ligandem TRAIL (Jin et al.,
2004).

I tato naSe prace tedy podporuje hypotézu dilezitosti regulovaného vezikularniho
transportu receptorti ligandu TRAIL po buice, tentokrat smérem k plazmatické

membrangé.
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V.3 Rezistenci rakovinnych bunék zpisobenou mutaci genu PIK3CA k inhibitoru

PLX4720 napomaha prekonat spole¢né pusobeni s ligandem TRAIL.

(komentat k publikaci Oikonomou E., Koc M., Sourkova V., Andéra L., Pintzas
A.: Selective BRAFV600E inhibitor PLX4720, requires TRAIL assistance to overcome
oncogenic PIK3CA resistance. Plos ONE, 2011)

Dalsi urovni, na které mtze byt regulovana reakce rakovinné bunky na stimulaci
ligandem TRAIL, je 1 jeji genotypové pozadi, tedy souhrn konkrétnich mutaci, které
vedly K jeji transformaci. Pfedmétem prace naSich feckych kolegii bylo popsat vliv
jednotlivych mutaci na citlivost rtznych typd bunék kolorektalniho karcinomu
ke kombinované 1é¢bé ligandem TRAIL.

Rakovina tlustého stieva, tzv. kolorektalni karcinom je 4. nejcast&jsi piicinou
smrti zptisobenou nadorovym onemocnénim na svété. Piicemz Ceska republika vede
svétovy zebiicek, co se tyCe incidence tohoto typu rakoviny. Karcinogeneze rakoviny
tlustého stieva je velmi postupny a komplexni proces, v malignich bunkach se velmi
Casto vyskytuje mutace v genu KRAS, ktera s sebou nese horsi priibéh choroby a nizsi
Sanci na preziti. JeSt€ vétsi transformacni potencidl ma mutace genu BRAF, ktera
podporuje vznik metastazi (Li et al., 2006; Oikonomou et al., 2009). Bé&hem
karcinogeneze se vétSinou diky genomovym piestavbam stavaji bunky citlivéjsimi
ke spusténi apoptdzy, ale na druhé strané i ke konstitutivnimu zapnuti MAPK, PI3K a
ERK1/2 drah, které miZe vést k postupné rezistenci rakovinnych bunék na chemoterapii
(Fang & Richardson, 2005; Michl & Downward, 2005; Tran et al., 2001). Piikladem
jsou kolorektalni bunééné linie HT29 a RKO, které neodpovidaji na 1écbu apoptotickym
ligandem TRAIL (Hague et al., 2005).

PLX4720 je inhibitor, ktery byl popséan, Ze cilené¢ brani proliferaci rakovinnych
bunék s mutaci BRAF V600E. Naptiklad v 1é€bé melanomu byl velmi Gspésny (Tsai et
al., 2008). Situace u karcinomu tlustého stieva vSak neni tak jednozna¢na a odlisny
vysledek plsobeni tohoto inhibitoru je pficitdn rozmanitému genetickému pozadi
jednotlivych typl rakovinnych bunék ve stieveé. Napiiklad u bunck soucasné nesoucich
mutaci v genu KRAS muze byt situace dokonce opac¢na, dochazi k aktivaci MAP kinaz
a podpofe bunééného rastu (Heidorn et al., 2010).

Dalsi slibné chemoterapeutikum ptedstavuje inhibitor 17-AAG, ktery brani

chaperonu Hsp90 v dokoncovani posttransla¢nich Gprav proteinti a jejich spravnému
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sbaleni (Grbovic et al., 2006). Mezi partnery Hsp90 patii proteiny podporujici bunéény
rust, jako jsou PI3K, pAkt, NF-kB, C-Raf, ale i mutovany B-Raf V600E (Kamal et al.,
2003).

V prezentované studii byly postupné zvlast i dohromady testovany Gc¢inky tii
cytostatik na proliferaci bunéénych linii odvozenych z riznych stadii karcinogeneze
tlustého stieva, liSicich se i genetickym pozadim. Sledovany byly mutace v genech
KRAS, BRAF a PIK3CA a testované latky zahrnovaly inhibitory PLX4720, 17-AAG a
death ligand TRAIL. Cilem bylo pifekonat kombinovanym podavanim piipadné
bunééné rezistence na jednotlivé chemikalie a dale studium molekularnich vazeb
souvisejicich s témito déji.

Konkrétné bylo pouzito 6 bunéénych linii odvozenych z rakovinnych bunék
tlustého stieva: Caco-2 (adenom), Colo205 (adenom: mut BRAF), HT29 (adenom: mut
BRAF, PIK3CA), RKO (karcinom: mut BRAF, PIK3CA), DLD-1 (adenom: mut
KRAS, PIK3CA), SW620 (adenom, mut KRAS), které se lisi v citlivosti k ptisobeni
zkoumanych inhibitori. Kromé toho byly také vytvoteny klony odvozené od bunééné
linie Caco-2, do kterych byla pomoci virové transdukce stabilné vnesena mutace BRAF
V600E. Ziskana data 1ze shrnout do nasledujicich bodu:

a)  kpusobeni inhibitoru PLX4720 byly citlivé pouze linie HT29 a RKO, které

obsahuji mutace v genech pro BRAF a PIK3CA

b)  samotné plisobeni inhibitoru 17-AAG spiSe zvySuje proliferaci bun¢k a mira

uc¢inku koreluje s proteinovym zastoupenim kinazy pAkt v bunkach

c) rezistence k pusobeni ligandu TRAIL souvisi s pfitomnosti mutace v genu

pro kindzu PIK3CA

d) rezistence buné¢k HT29 ke stimulaci ligandem TRAIL muze byt pfekonana

pfidanim inhibitoru 17-AAG

Tento jev provazi zvySené proteinové zastoupeni kinazy pAkt v bunce a

ubiquitinylace receptoru TRAIL-R1/DR4. Apoptoticky signal je v tomto piipadé

veden vyhradné pies receptor TRAIL-R2/DR5.

e) zatimco Caco-2 klony jsou vnesenim mutace BRAF V600E uspésné

zcitlivovany K TRAILu ve srovnani s kontrolni Caco-2 bunéénou linii

Tato aktivace proapoptotickych drah se projevovala rychlejsi tvorbou

proteinového komplexu DISC a nadprodukei proteinit Bad, Bid a Bax a také

zvySenou pritomnosti death receptori TRAIL-R1/DR4 a TRAIL-R2/DR5

na plazmatické membrang.
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f)  samotny inhibitor BRAF mutace PLX4720 na zastaveni proliferace téchto
kloni nesta¢i a vyzaduje k vyvolani programované bunécné smrti

spoluptisobeni ligandu TRAIL

Potvrdilo se tedy, ze buiky kolorektalniho karcinomu jsou i na molekularni
urovni velmi heterogenni bunécnou strukturou, ale i piesto doufame, ze piedstavovana
studie maze prispét k objasnéni vzniku rezistenci a K racionalnéjSimu vyuzivani ti

zminénych cytostatik v lidské medicin€.
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V1. Diskuze a zavér

Smyslem dizertacni prace bylo prostudovat rizné mechanizmy regulace
apoptotické signalizace od aktivovanych receptora pro ligand TRAIL, at’ uz se jedna o
povrchovou expresi receptorti na membrang, jejich internalizaci a pohyb uvnitt bunky
pomoci obalenych vacki nebo vliv transformovaného genetického pozadi jednotlivych
bunéénych linii odvozenych z rakovinnych bunék tlustého stieva.

Prvnim ukolem bylo ur¢it vyznam endocytdzy a internalizace death receptori
s navazanym ligandem TRAIL na jeho naslednou signaliza¢ni aktivitu. Piedevsim tedy,
zda je nezbytna signalizace z nitrobunéénych vackt nebo vSe probihd jiz na plazmatické
membranég a vytvareni veziklii obsahujicich receptory a jejich postupné acidifikace vede
pouze Kkumlceni apoptotického signalu a degradaci receptorovych komplext
Vv lyzozémech.

Tento cil se nam nepodafilo zcela naplnit, a proto ani neni soucasti zadné
Z publikovanych praci. Nena$li jsme metodu, pomoci niZ bychom zcela uspokojivé
zvladli zablokovat receptory na povrchu bunék bez zédsadnich vedlejSich ucinkl
najejich prezivani. At uz to bylo pouziti malych siRNA proti komponentam
klatrinovych vacki — klatrinu a adaptorovému proteinu AP2, pouziti chemického
inhibitoru dynaminu dynasoru ¢i v neposledni fad€ vytvofeni klond s inducibilni
produkci dominantné negativniho mutantu proteinu dynamin-1 (DN K44A). Zvysena
cytotoxicita vSech téchto pfistupii zasadni mérou omezovala hodnoceni apoptotickych
pokust a ziskané vysledky byly velmi rozporuplné. K ujasnéni podobné kontroverzni
situace ohledné role endocytozy v literatufe jsme se tedy bohuzel nedobrali.

Dale jsme analyzovali roli lyzozomu, permeabilizace jeho membran po stimulaci
ligandem TRAIL a vliv acidifikace intravezikularnich vackii na apoptotickou
signalizaci. Data z tohoto projektu byla publikovana roku 2013 v Casopise FEBS
Journal a zasadni zjisténi shrnuje nasledujici piehled:

1.  inhibice lyzozomalnich proteaz neovlivnila prubéh apoptotické signalizace

spusténé ligandem TRAIL

2.  vacky obsahujici receptorové komplexy s ligandem TRAIL nefazuji

s lyzozémy béhem prvnich dvou hodin po pfidani ligandu TRAIL
3. kyselé prostiedi téchto vackl je zasadni pro spravné Stépeni a aktivitu

kaspazy-8
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4.  sinhibici vnitrobunécné acidifikace blokovanim protonové pumpy
V-ATPéazy souvisi také zpomaleny transport ligandu TRAIL do vackua
po jeho internalizaci

Nase vysledky podporuji prace z nedavné doby, které povazuji ucast lyzozoémii
na death receptory zprostfedkované apoptoze za pouze podpirnou (Oberle et al., 2010;
Wattiaux et al., 2007). Podobna studie zkoumajici katepsinové inhibitory u nékolika
bunéénych linii citlivych na pasobeni ligandd FasL ¢i TRAIL také nezaznamenala
vyrazné zpomaleni ¢i zablokovani apoptozy (Spes et al., 2012).

Oproti tomu zasadni vliv kyselého prostfedi na plnou aktivaci ligandem TRAIL
indukovanych apoptotickych drah je novinkou a zada si dalsi funkéni studie. Pozorovali
jsme, Ze tato rezistence bunck vi¢i cytotoxickému pusobeni ligandu TRAIL je nezavisla
nejen na lyzozomalni membranové permeabilizaci, ale také na mitochondridlni
amplifika¢ni smycce a aktivité kyselé sfingomyelindazy a jeji produkci ceramidi.
Snizena funkce V-ATPazy ma vyrazny dopad na konvencni pohyb receptorovych
komplexti po buiice, ktery nejspiS souvisi se zasazenym fizovanim pozdnich endozémd,
respektive multivezikuldrnich télisek. Za této situace je pravdépodobné zablokovano
usporadavani apoptotickych faktort do vysSich multiproteinovych komplext, které
zanormalnich okolnosti urychluji priabéh cytotoxickych procesi. Zpomalena
oligomerizace prokaspaz-8 a -10 zplsobuje redukovanou apoptotickou signalizaci,
nebot’ vzajemna blizkost katalytickych domén je vyzadovana pro jejich efektivni
Stépeni. Dalo by se spekulovat také o roli ubiquitinylace v téchto déjich.

Nicmén¢ to, Ze pii inhibici vakuolarni ATPazy neni zasaZena antiapoptoticka
signaliza¢ni kaskada vedouci k aktivaci proteinu NF-kB, nas muze vést k piedstave, ze
se jedna o jeden zmechanizmt, které mohou vychylit rovnovahu
mezi proapoptotickymi a antiapoptotickymi signaly smérem k programované bunééné
smrti.

Prezentované vysledky pfed nami oteviraji jesSté dalsi téma, kterym je vliv
jednotlivych apoptotickych receptorii na acidifikacni proces, to znamena otazku, zda se
vysledek ptsobeni inhibitort jako je bafilomycin Al 1i8i v pfipadé¢ signalizace vedouci
od TRAIL-R1/DR4 a TRAIL-R2/DR5. Pro tyto studie jsou jiz v na$i laboratofi
pfipraveny nastroje v podobé rekombinantnich ligandiit TRAIL specifickych vzdy pouze
pro jeden typ death receptoru.

Teorii, ze transport ligandu nebo receptoru uvnitt buiiky je dilezity pro jeho

spravné¢ fungovani potvrdily i1 vysledky publikované v dalSi praci, ktera je zde
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zminovana. V ramci hledani novych proteind interagujicich s receptorem TRAIL-
R1/DR4 jsme nalezli adaptorovy protein ARAPI1. Ten se vaze na cytoplazmatickou
doménu receptoru TRAIL-R1/DR4 jak v dvouhybridnim kvasinkovém systému tak
Vv lidskych nadorovych buiikach. V ramci funkcénich studii bylo pozorovano, ze
po stimulaci ligandem TRAIL se spoleéné¢ nachazeji v ranych endozomech. Nové
objeveny interakéni partner adaptorovy protein ARAP1 se podili na uvoliiovani
receptoru TRAIL-R1/DR4 z Golgiho aporatu na plazmatickou membranu a pfi sniZzeni
jeho proteinové produkce pomoci malych siRNA dochazi k inhibici TRAILem
indukované apoptozy.

Komplexnost problému rezistence ¢i citlivosti rakovinné bunky na pusobeni
ligandu TRAIL je studovdna v posledni uvadéné publikaci. Ta se vénuje vlivu
jednotlivych mutaci nahromadénych béhem karcinogeneze tlustého stieva v genech
pro proteiny RAS, RAF a PIK3CA. Zminovana prace ptinasi popis G¢inku tii cytostatik
(PLX4720 - inhibitoru BRAF mutace V600E, 17-AAG - inhibitoru chaperonu Hsp90 a
ligandu TRAIL) na rizné typy bunéénych linii odvozenych z nékolika stadii
kolorektalniho karcinomu.

0 molekularnich mechanizmech ptisobeni ligandu TRAIL v lidskych nadorovych
buitkkdch a mohly by ve svém dusledku pfispét k raciondlnéjSimu piistupu

ke kombinované cytostatické terapii v humanni 1ékai'ské praxi.
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Horova V., Hradilova N., Jelinkova 1., Koc M., Svadlenka J., BraZina J., Klima M.,
Slavik J., HyrSlovad Vaculova A., Andéra L.: Inhibition of vacuolar ATPase attenuates
the TRAIL-induced activation of caspase-8 and modulates the trafficking of TRAIL
receptosomes. FEBS J. 2013 May 17.

Tumour necrosis factor-Related Apoptosis Inducing Ligand (TRAIL), a
membrane-bound ligand from the TNF family, has attracted significant attention due to
its rather specific and effective ability to induce apoptotic death in various types of
cancer cells via binding to and activating its pro-apoptotic death receptors (DRs).
However, a significant number of primary cancer cells often develop resistance to
TRAIL treatment, and the signalling platform behind this phenomenon is not fully
understood. Upon blocking endosomal acidification by the vacuolar ATPase (V-
ATPase) inhibitors bafilomycin Al (BafAl) or concanamycin A (CCA), we observed a
significantly reduced initial sensitivity of several, mainly colorectal, tumour cell lines to
TRAIL-induced apoptosis. In cells pre-treated with these inhibitors, the TRAIL-induced
processing of caspase-8 and the aggregation and trafficking of the TRAIL-receptor
complexes were temporary attenuated. NF-xB or MAP/stress kinase signalling from the
activated TRAIL receptors remained unchanged, and neither possible lysosomal
permabilization nor acid sphingomyelinase were involved in this process. The cell
surface expression of TRAIL receptors and their TRAIL-induced internalization were
not affected by V-ATPase inhibitors. The inhibitory effect of BafAl was, however,
blunted by the knockdown of the caspase-8 inhibitor cFLIP. Altogether, the obtained
data provide the first evidence that endosomal acidification could represent an important
regulatory node in the proximal part of TRAIL-induced pro-apoptotic signalling.
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Simova S., Klima M., Cermék L., Sourkova V., Andéra L.: Arf and Rho GAP adapter
protein ARAP1 participates in the mobilization of TRAIL-R1/DR4 to the plasma
membrane. Apoptosis, 13(3):423-36, 2008.

TRAIL, a ligand of the TNFa family, induces upon binding to its pro-death
receptors TRAIL-R1/DR4 and TRAIL-R2/DR5 the apoptosis of cancer cells. Activated
receptors incite the formation of the Death-Inducing Signaling Complex followed by the
activation of the downstream apoptotic signaling. TRAIL-induced apoptosis is regulated
at multiple levels, one of them being the presence and relative number of TRAIL pro-
and antiapoptotic receptors on the cytoplasmic membrane. In a yeast two-hybrid search
for proteins that interact with the intracellular part (ICP) of DR4, we picked ARAPL, an
adapter protein with ArfGAP and RhoGAP activities. In yeast, DR4 (ICP) interacts with
the alternatively spliced ARAP1 lacking 11 amino acids from the PH5 domain.
Transfected ARAP1 co-precipitates with DR4 and co-localizes with it in the
endoplasmic reticulum/Golgi, at the cytoplasmic membrane and in early endosomes of
TRAIL-treated cells. ARAP1 knockdown significantly compromises the localization of
DRA4 at the cell surface of several tumor cell lines and slows down their TRAIL-induced
death. ARAP1 overexpressed in HEL cells does not affect their TRAIL-induced
apoptosis or the membrane localization of DR4, but it enhances the cell-surface
presentation of phosphatidyl serine. Our data indicate that ARAP1 is likely involved in
the regulation of the cell-specific trafficking of DR4 and might thus affect the efficacy
of TRAIL-induced apoptosis.
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Oikonomou E., Koc M., Sourkova V., Andéra L., Pintzas A.: Selective BRAFV600E
inhibitor PLX4720, requires TRAIL assistance to overcome oncogenic PIK3CA
resistance. Plos ONE, 6(6):e21632, 2011.

Documented sensitivity of melanoma cells to PLX4720, a selective BRAFV600E
inhibitor, is based on the presence of mutant BRAF (V600E) alone, while wt-BRAF or
mutated KRAS result in cell proliferation. In colon cancer appearance of oncogenic
alterations is complex , since BRAF, like KRAS mutations, tend to co-exist with those
in PIK3CA and mutated PI3K has been shown to interfere with the successful
application of MEK inhibitors. When PLX4720 was used to treat colon tumours, results
were not encouraging and herein we attempt to understand the cause of this recorded
resistance and discover rational therapeutic combinations to resensitize oncogene driven
tumours to apoptosis. Treatment of two genetically different BRAF (V600E) mutant
colon cancer cell lines with PLX4720 conferred complete resistance to cell death. Even
though p-MAPK/ ERK kinase (MEK) suppression was achieved, TRAIL, an apoptosis
inducing agent, was used synergistically in order to achieve cell death by apoptosis in
RKO (BRAFV600E/PIK3CAH1047) cells. In contrast, for the same level of apoptosis
in HT29 (BRAFV600E/PIK3CAP449T) cells, TRAIL was combined with 17-AAG, an
Hsp90 inhibitor. For cells where PLX4720 was completely ineffective, 17-AAG was
alternatively used to target mutant BRAF (V600E). TRAIL dependence on the
constitutive activation of BRAF (V600E) is emphasised through the overexpression of
BRAF (V600E) in the permissive genetic background of colon adenocarcinoma Caco-2
cells. Pharmacological suppression of the PI3K pathway further enhances the
synergistic effect between TRAIL and PLX4720 in RKO cells, indicating the presence
of PIK3CA (MT) as the inhibitory factor. Another rational combination includes 17-
AAG synergism with TRAIL in a BRAF (V600E) mutant dependent manner to commit
cells to apoptosis, through DR5 and the amplification of the apoptotic pathway. We
have successfully utilised combinations of two chemically unrelated BRAF (V600E)
inhibitors in combination with TRAIL in a BRAF (V600E) mutated background and
provided insight for new anti-cancer strategies where the activated PI3KCA mutation

oncogene should be suppressed.

59



Inhibition of vacuolar ATPase attenuates the TRAIL-induced activation of caspase-8

and modulates the trafficking of TRAIL receptosomes

Vladimira Horova®, Nada Hradilova®, Iva Jelinkova®, Michal Koc*?, Jan Svadlenka®, Jan

Brazina®, Martin Klima™®, Josef Slavik®, Alena Hyrslova Vaculova® and Ladislav Andera®

* Department of Cell Signalling and Apoptosis, Institute of Molecular Genetics, Academy of
Sciences of the Czech Republic, Prague, Czech Republic, ° Department of Cytokinetics,
Institute of Biophysics, Academy of Sciences of the Czech Republic, v.v.i., Brno, Czech
Republic, ¢ Department of Toxicology, Pharmacology and Immunotherapy, Veterinary
Research Institute, Brno, Czech Republic, 4 current affiliation: Third Faculty of Medicine,

€

Charles University, Prague, Czech Republic, ~ current affiliation: Genome Integrity, Danish

Cancer Society Research Center, Copenhagen, Denmark.
Running title: Endosomal acidification in TRAIL-induced apoptosis

Corresponding author: Ladislav Andera, Department of Cell Signalling and Apoptosis,
Institute of Molecular Genetics, Academy of Sciences of the Czech Republic, Videnska 1083,
142 20 Prague 4, Czech Republic. Tel: +420 241 062471. E-mail address:

Ladislav.Andera@img.cas.cz
Keywords: V-ATPase, TRAIL, caspase-8, acidification, apoptosis

Abbreviations: ASM — acid sphingomyelinase, BafAl — bafilomycin Al, BH — Bcl-2
homology, CCA - concanamycin A, CHQ - chloroquine, DISC — death inducing signalling

complex, DRs — death receptors, LMP — lysosomal membrane permeabilization, MAPK —

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/febs.12347

This article is protected by copyright. All rights reserved.



mitogen activated protein kinase, PARP — poly ADP ribose polymerase, TRAIL - TNFa

related apoptosis inducing ligand, V-ATPase - vacuolar ATPase

Abstract

Tumour necrosis factor-Related Apoptosis Inducing Ligand (TRAIL), a membrane-bound
ligand from the TNF family, has attracted significant attention due to its rather specific and
effective ability to induce apoptotic death in various types of cancer cells via binding to and
activating its pro-apoptotic death receptors (DRs). However, a significant number of primary
cancer cells often develop resistance to TRAIL treatment, and the signalling platform behind
this phenomenon is not fully understood. Upon blocking endosomal acidification by the
vacuolar ATPase (V-ATPase) inhibitors bafilomycin A1 (BafA1l) or concanamycin A (CCA),
we observed a significantly reduced initial sensitivity of several, mainly colorectal, tumour
cell lines to TRAIL-induced apoptosis. In cells pre-treated with these inhibitors, the TRAIL-
induced processing of caspase-8 and the aggregation and trafficking of the TRAIL-receptor
complexes were temporary attenuated. NF-kxB or MAP/stress kinase signalling from the
activated TRAIL receptors remained unchanged, and neither possible lysosomal
permeabilization nor acid sphingomyelinase were involved in this process. The cell surface
expression of TRAIL receptors and their TRAIL-induced internalization were not affected by
V-ATPase inhibitors. The inhibitory effect of BafAl was, however, blunted by the
knockdown of the caspase-8 inhibitor cFLIP. Altogether, the obtained data provide the first
evidence that endosomal acidification could represent an important regulatory node in the

proximal part of TRAIL-induced pro-apoptotic signalling.
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Introduction

Ligands from the TNFo family play prominent roles in a large spectrum of
physiological processes. They participate in the maintenance of cellular homeostasis, the
regulation of cell differentiation, cell division and programmed cell death [1]. TRAIL (TNF-
related apoptosis inducing ligand), as a member of this family, is mainly involved in the
induction of apoptosis in permissive cells. Upon binding to the appropriate receptor on the
cell surface, TRAIL triggers a cascade of events eventually leading to programmed cell death
[2]. Human TRAIL is expressed by hematopoietic cells (T cells, NK and dendritic cells) and
preferentially induces apoptotic signalling in transformed or virally infected cells [3, 4]. This
selectivity ranks TRAIL among potential biological anticancer compounds. Recombinant
TRAIL protein as well as agonistic humanized anti-TRAIL receptor antibodies are currently
being tested in clinical Phase I and II studies in mono- or combined-therapy against various

tumours [5, 6].

The canonical signalling pathway is initiated by the ligand-dependent engagement of
the death receptor TRAIL-R1 (DR4) or TRAIL-R2 (DR5) and the formation of the
multimeric death-inducing signalling complex (DISC). Apart from the ligand and receptors,
the core DISC contains primarily the adapter protein Fas-associated death domain (FADD),
initiator pro-caspases-8 and -10, and various amounts of the caspase-8 inhibitor cFLIP [7].
Aggregation of the pro-caspases at the DISC complex triggers their self-processing [8, 9],
and the active caspases can then cleave pro-apoptotic substrates, such as effector caspases-3
and -7 and the BH3-only protein Bid[10]. In addition to triggering caspase-dependent
apoptosis, the activated TRAIL receptors can, similarly to other DRs, induce generally pro-
survival NF-kB, MAP/stress kinase or PI3K signalling. The final outcome of TRAIL

signalling leading either to cell death or survival must therefore be tightly regulated [11].
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At the proximal level, TRAIL signalling is regulated by decoy receptors and, most
importantly, by cFLIP inhibitors, which are well known suppressors of TRAIL-induced
apoptosis [12]. TRAIL-induced apoptotic signalling can also be modulated by
posttranslational modifications of the TRAIL receptors such as exo-glycosylation,
membrane-proximal palmitoylation or cullin 3-dependent ubiquitinylation of caspase-8 [13-
15]. A number of other proteins have been reported to affect in a cell-specific manner the
effectiveness of DISC formation and the processing of the initiator caspases. These include
activating proteins such as IG-20, RassFA1 and DEDD2 as well as inhibitors such as PEA-
15, MADD, TRADD and PRMT5 [16]. Besides the DISC composition, the efficacy of
caspase-8 self-processing can also be affected by the lipid microenvironment or by
endocytosis-related events. In SCLC cells for example, the localization of activated TRAIL
receptors into lipid rafts enhanced their pro-apoptotic signalling [17]. As previously shown
by us and others, the chemotherapeutic drug-mediated modulation of lipid rafts is associated
with colon cancer cell sensitization to TRAIL-induced apoptosis [18, 19]. In the case of
Fas/CD95 or TNFRI1, receptosome endocytosis has been reported to be a positive factor in
enhancing pro-apoptotic signalling [20-22]. Apoptotic signalling from these DRs is also
strongly amplified when the gradual acidification of the intra-vesicular space leads to the
activation of acid sphingomylinase (ASM), which produces ceramides, potent pro-apoptotic
signalling transducers [23, 24]. Concerning TRAIL, the role of receptor endocytosis is not so
clear. In some cells such as BJAB or HeLa, the endocytosis of TRAIL receptosomes is not
required for the efficient induction of TRAIL-induced apoptosis [25]. However, it has also
been recently reported by Akazawa er al. that for hepatocellular carcinoma cells, DRS
internalization plays a role in lysosomal permeabilization and the amelioration of TRAIL-
induced apoptosis [26]. Thus, the role of endocytosis and post-endocytic processing in

TRAIL-induced apoptotic signalling remains obscure.
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Here we analysed the role of the vacuolar proton pump V-ATPase in the regulation of
the proximal events in TRAIL-triggered signalling in sensitive colon cancer cell lines. V-
ATPase is a multi-protein trans-membrane complex that pumps protons to the lumen of
organelles and regulates vesicular pH [27]. V-ATPase function facilitates the fusion of late
endosomes with lysosomes, vesicular acidification and the activity of various acid
hydrolases. We used the macrolide antibiotics bafilomycin Al (BafA1l) and concanamycin A
(CCA), known as specific inhibitors of V-ATPase, which bind to the V, trans-membrane
domain of the proton pump and mechanically block its rotation [27, 28]. We followed the
trafficking of TRAIL receptors, cleaved caspase-8 and DISC formation in the early stages of
TRAIL-induced apoptosis in BafA1l- or CCA-treated cells. We show that in addition to the
already established proximal regulatory mechanisms of TRAIL-induced pro-apoptotic
signalling, endosomal acidification is another factor that contributes to the efficacy and

kinetics of TRAIL DISC-assisted processing and the activation of caspase-8.

Results

Inhibitors of vacuolar ATPase attenuate TRAIL-induced apoptotic signalling, independently

of the mitochondrial pathway

To test the possible role of lysosomes and signalling from acidic compartments in
TRAIL-induced apoptosis, we suppressed the fusion of late endosomes with lysosomes and
the acidification of these organelles. For this purpose we used the V-ATPase inhibitors
BafA1l and CCA, as well as the lysosomotropic drug chloroquine (CHQ), and upon blocking
vesicular acidification we evaluated the effect of these inhibitors on TRAIL-induced
signalling in several TRAIL-sensitive cancer cell lines.

Surprisingly, we found that BafAl as well as CCA effectively attenuated the TRAIL-

induced activation of caspases in TRAIL-sensitive colorectal cancer cell lines (Fig. 1a, c; Fig.
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Sla). Similarly, though less efficiently, the activation of pro-apoptotic signalling was
suppressed by CHQ (Fig. S1 and not shown). In Colo206F and DLD-1 cells, pre-treatment
with BafA1 resulted in more than a 50% reduction in caspase-3 activity at 30 and 60 minutes
after the addition of TRAIL (Fig. 1a). A similar V-ATPase inhibitors-mediated attenuation of
TRAIL-triggered apoptotic signalling was also observed in other TRAIL-sensitive cell lines
of non-colorectal origin such as human cervical carcinoma HeLa cells, hepatocellular
carcinoma HUH-7 cells and prostate cancer PC3 cells (Fig. S1b and not shown). The
suppressive effect of blocked endosomal acidification on the activation of TRAIL-induced
apoptosis was evident not only in cells pre-incubated with BafAl, but also in those where
BafAl was added up to 20 min after their treatment with TRAIL (although with gradually
reduced efficacy) (Fig. S2a).

However, these adverse effects of V-ATPase inhibitors were only transient and, for
example in BafAl- or CCA-treated Colo206F cells, the number of M30-positive apoptotic
cells gradually increased and almost reached the proportion seen in untreated cells within 3-4
hrs after the addition of TRAIL (Fig. 1b). This led us to suspect that mitochondrial
amplification can likely blunt and gradually overcome the adverse effect of V-ATPase
inhibitors. To test this hypothesis, we used Bax-deficient HCT-116 cells with uncoupled
mitochondrial amplification of the pro-apoptotic signalling and found that blocking
endosomal acidification led to an even stronger suppression of the TRAIL-induced activation
of effector caspases than in the parental HCT-116 cells (Fig. 1c¢). Thus, these data suggest
that endosomal acidification affects the TRAIL-induced activation of caspases upstream of

the mitochondria.

BafAl pre-treatment changes the trafficking of TRAIL-receptor complexes and slows down

their accumulation in the intracellular vesicles
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BafA1l changes endosomal pH and disorganizes the acidic compartment, which we
confirmed in our initial experiments in BafAl-treated HCT-116 cells stained by LAMP3
antibody or LysoSensor, an acidotropic fluorescent probe that accumulates in organelles with
low pH (Fig. 2). After 15 minutes of TRAIL treatment, some LysoSensor-labeled vesicles
were clearly visible close to the nucleus. In contrast, in the cells pre-treated with BafA1l, the
acidic compartment recognized by LysoSensor disappeared or showed a featureless diffuse
pattern upon TRAIL treatment (Fig. 2a). These data were also confirmed in cells double-
stained with the lysosomal marker LAMP3 and fluorescent ligand TRAIL (Fig. 2b). BafAl
thus convincingly inhibited intra-vesicular acidification and also altered TRAIL intra-

vesicular trafficking to the lysosomes.

To assess the effect of V-ATPase inhibition on the endosomal fusion and trafficking of
TRAIL-receptor complexes, we performed a set of fluorescent microscopy assays. Initially,
to obtain a precise idea about the timing of TRAIL trafficking to the lysosomes, we analyzed
the association of TRAIL-receptor complexes with acidic organelles using lysosomal markers
such as LysoTracker or LAMP-3 and fluorescently-labelled TRAIL. While in TRAIL-treated
HCT-116 cells we could clearly discern the co-localization of TRAIL-containing endosomes
with semi-cleaved caspase-8 (the antibody recognizes a site in the large subunit unmasked
upon caspase-8 self-processing in the DISC) both at 20 and 60 minutes after adding TRAIL
(Fig. 2c, upper panels labelled casp-8), we did not detect any co-localization of the lysosomal
marker LAMP3 with TRAIL-containing endosomes even 60 minutes after treatment (Fig. 2c,
lower panels labelled LAMP3). We also could not detect any co-localization of TRAIL
receptosomes with the specific Golgi/trans-Golgi markers GM130 and Vtilb at any time
point (not shown). TRAIL receptosomes then co-localized with lysosomes at a relatively late

time point, 2 hours after recombinant TRAIL addition (not shown).
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Thus, we continued with a more detailed kinetic analysis of TRAIL receptosome
trafficking in the presence or absence of V-ATPase inhibitors together with nuclear staining
to assess the progression of apoptosis. TRAIL-receptor complexes in control HCT-116 or
DLD-1 cells treated with fluorescently-labelled TRAIL showed a relatively dispersed pattern
within the first 15 minutes of treatment. However, within 30 min of stimulation, well before
reaching the lysosomal compartment (see above), TRAIL receptosomes started to fuse and
accumulate in vesicular structures close to the nucleus, likely representing late endosomes or
multi-vesicular bodies (Fig. 3 and Suppl. Fig. S3 left panels). In BafAl-treated HCT-116 or
CCA-treated DLDI cells, this process was rather inefficient and was delayed by at least 30-
45 min when compared to the non-treated cells (Fig. 3 and Fig. S3, right panels). In
agreement with our data on delayed caspase-3 activity in cells with blocked endosomal
acidification, we also noticed a lack of apoptosis-related chromatin condensation in CCA-
treated DLD-1 cells incubated with TRAIL for 90 minutes (Fig. S3, lower panel).
Furthermore, we stained HCT-116 cells with an antibody against another lysosomal marker,
LAMP2, and confirmed that similarly as shown in Fig. 2¢, lysosomes do not co-localize with
TRAIL-containing endosomes within the first hour of TRAIL treatment. All of these results
thus show that blocking endosomal acidification not only affects the activation of effector
caspases and the processing of their target proteins, but also influences the localization and
trafficking of the TRAIL-receptor complexes most markedly within the initial 60 minutes of
TRAIL treatment.

To definitely exclude any role of lysosomes, we also used the siRNA down-regulated
expression of small GTPase Rab7, which is required for the fusion of late endosomes with
lysosomes (Fig. S4). The downregulation of Rab7 was previously shown to attenuate the
TRAIL-induced apoptosis of hepatocarcinoma cells [26]. However, in contrast to suppressed

endosomal acidification, the downregulation of Rab7 in DLDI1 cells did not have any
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inhibitory effect on TRAIL-induced apoptotic signalling as documented by the similar
activation of caspases in the control cells and in cells with the down-regulated expression of

Rab7 (Fig. S4a, b - PARP cleavage and M30 assay).

Acid sphingomyelinase and sphingolipids are not involved in the endosomal
acidification-mediated enhancement of TRAIL-induced apoptotic signalling

Endosomal acidification is tightly connected with the activation of acid
sphingomyelinase (ASM) and the subsequent increased production of ceramides (recently
reviewed in [29]). Ceramides were reported to enhance the internalization and intracellular
trafficking of the death receptors TNFo and CD95 as well as early events in TRAIL-induced
apoptotic signalling. They were found to influence DISC formation and caspase-8 activation
via the clustering of TRAIL’s DISCs into ceramide-rich domains [30, 31]. Therefore, we
assumed that blocking endosomal acidification and thus inhibiting the ASM-mediated
production of ceramides could be at least in part responsible for the attenuation of TRAIL-
induced apoptotic signalling. We evaluated whether and how could a reduction of V-ATPase
activity affect cellular sphingolipid levels and compared these data with the effect of the
ASM inhibitor desipramine.

Mass spectrometry analysis of the composition and levels of sphingolipids in BafAl- or
desipramine-treated Colo206F cells revealed that both agents indeed caused about a 20%
drop in ceramide levels (C-16 and C-24) accompanied by a very pronounced decrease in
sphingosine and sphingosine phosphate levels (Fig. 4a). However, in contrast to the
V-ATPase inhibitors, blocking ASM activity with desipramine caused only a subtle reduction
of TRAIL-induced apoptotic signalling in Colo206F cells (Fig. 4b). Moreover, desipramine
even suppressed the inhibitory effect of BafAl on TRAIL-induced apoptotic signalling in

these cells (Fig. 4b).
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Supplementing some TRAIL-resistant cells with external ceramides caused their
sensitization to TRAIL-induced apoptosis [32]. Therefore, we tested whether the addition of
external C18-ceramide or C18-sphingosine could reverse or in any way affect the suppression
of TRAIL-induced apoptotic signalling caused by blocked endosomal acidification. However,
neither of these agents had any effect on this V-ATPase inhibitor-mediated attenuation of

TRAIL-induced apoptotic signalling (Fig. S5 and not shown).

An altered acidic environment affects the DISC-mediated processing of the initiator caspase-

8

The fast suppression of TRAIL-induced effector caspase activation and impaired
vesicular formation after the inhibition of endosomal acidification prompted us to analyse the
very early events in TRAIL-induced signalling. First, we measured the expression levels of
the death receptors TRAIL-R1/DR4 and TRAIL-R2/DRS5 on the plasma membrane and found
that they were almost unaffected by BafAl pre-treatment in any of the tested colorectal
cancer cells within the first 2 hrs of BafAl treatment (Fig. 5a and Fig. S6a). Internalization of
these pro-apoptotic receptors after ligand binding also showed unchanged kinetics (Fig. 5b
and Fig. S6b).

Events immediately following TRAIL receptor engagement include the formation of the
DISC complex, the activation of caspases and cleavage of their substrates. At the same time,
signalling pathways leading to the activation of MAP kinases and NF-xB are also triggered.
Biochemical analysis of cell lysates from TRAIL-treated Colo206F or DLD-1 cells with
suppressed endosomal acidification documented a reduced processing of initiator and effector
caspases (-8, -9, -3) as well as the less effective cleavage of their substrates cFLIP and PARP
compared to control cells in which V-ATPase was not inhibited (Fig. 6a and Fig. S7a). Using

an antibody against cleaved caspase-8 in flow cytometry experiments, we also confirmed that
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the inhibition of endosomal acidification led to a reproducible and significant decrease of the
cellular fraction with the self-cleaved proximal initiator caspase-8 in the culture (Fig. S2b).

In contrast to the less efficient activation of caspase-8, we did not observe any major
changes in the activation of NF-«kB signalling (phoshorylation of p65 subunit) or the
activation of ERK or JNK kinases in TRAIL-treated Colo206F or HCT-116 cells (Fig. 6b and
Fig. S7b), suggesting that V-ATPases are selectively more involved in the caspase activation
branch of the TRAIL receptor signalling. The only reproducibly observable difference was
related to the kinetics of activation of p38 MAPK in cells pre-treated with V-ATPase
inhibitors, where the TRAIL-induced phosphorylation (activation) of p38 was slightly
delayed (Fig. 6b and Fig. S7b). The TRAIL-mediated induction of p38 phosphorylation is
caspase-dependent [33], and thus its delayed activation correlates with the attenuated
activation of caspases.

Next, we analysed the composition of DISC and the kinetics of DISC-associated initiator
caspase processing and activation. In TRAIL-treated Colo206F cells, the proportions of
major DISC proteins co-isolated with receptor-bound TRAIL, i.e., TRAIL-R2/DRS, FADD,
cFLIP and pro-caspases-8/10, were not markedly different between untreated and CCA-
treated cells (Fig. 7). However, the processing of both initiator caspases (-8, -10) in the

TRAIL receptor DISC was attenuated after CCA-mediated V-ATPase inhibition.

Downregulation of cFLIP largely negates the inhibitory effects of V-ATPase inhibitors on

TRAIL-induced apoptotic signalling

The caspase-8 inhibitor cFLIP plays an essential role in the regulation of DISC-mediated
caspase-8 activation. Thus, we decided to examine whether lowering cFLIP levels in our
model colorectal cancer cell lines would alleviate the effects of the acidification inhibitors.
Using two different shRNAs, we down-regulated the expression of cFLIP in both the DLD-1

and Colo206F cell lines (Fig. 8a and not shown) and analysed the sensitivity of TRAIL
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signalling in these cells to BafAl. As expected, downregulation of cFLIP enhanced the
kinetics and efficacy of TRAIL-induced prime caspase activation in the mock-transfected
cells. However, it also significantly reduced the inhibitory effect of V-ATPase inhibitors in
these cells. Under these conditions, BafAl pre-treatment was unable to slow down the

induction of apoptosis in cells with reduced cFLIP protein expression (Fig. 8b).

Discussion

The basic mechanism of the initial phases of activation of TRAIL-induced apoptosis is
known, but the role of some processes, such as endocytosis or endosomal trafficking, in fine
tuning TRAIL-induced apoptosis is still nor fully understood. This part of TRAIL-induced
signalling is also the subject of some controversy as Kohlhaas et al. showed that the
endocytosis of activated TRAIL receptors in BJAB or HeLa cells is apparently not required
for the efficient processing and activation of caspase-8 [25]. In contrast, recent reports from
Gores’s group point to endocytosis-requiring lysosomal membrane permeabilization (LMP)
as a potent enhancer of the TRAIL-induced apoptosis of hepatocellular carcinoma cells [26,
34]. However, the participation of lysosomes in apoptosis in general and in DR-mediated
apoptosis in particular is quite controversial and might play just a supportive role, not in the
initial but in the late stage of apoptosis [35, 36]. Moreover, a recent study from B. Turk’s
group using various FasL- or TRAIL-sensitive cancer cells documented that cathepsin
inhibitors neither block nor delay FasL- or TRAIL-induced apoptosis [37]. In our model
colorectal cancer cells, blocking the fusion of late endosomes by siRNA-mediated
downregulation of Rab7 or by using the pan-cathepsin inhibitor E64 (not shown) did not, in
contrast to V-ATPase inhibitors, have any significant effect on the kinetics of TRAIL-
induced apoptotic signaling. Thus, we believe that at least in the initial stages of TRAIL-
induced apoptosis of colorectal cancer cells, lysosomes or lysosomal proteases do not play

any essential role. Confocal microscopy studies also failed to detect any co-localization of
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TRAIL or the components of DISC with lysosomal markers within a similar time frame,
suggesting that vesicles containing TRAIL-complexes do not fuse with lysosomes during the
first hour of TRAIL treatment. However, in contrast to blocking lysosomal proteases, we
found that we could significantly and reproducibly attenuate TRAIL-induced activation using
well-known vacuolar ATPase inhibitors and following suppressed endosomal acidification.
The most pronounced suppression of the pro-apoptotic signaling in all tested cancer cells was
observed within the first hour of TRAIL treatment. This led us to the assumption that V-
ATPase/endosomal acidification enhances early TRAIL-mediated signalling by a mechanism
independent of LMP. However, LMP can still play a role at later stages. We cannot, however,

exclude that it has a more significant effect in other cell types.

In order to dissect the potential mechanism behind the V-ATPase inhibitor-mediated
attenuation of TRAIL-induced apoptotic signalling, we used Bax-knockout HCT-116 colon
cancer cells that are deficient in the mitochondrial amplification of TRAIL-induced
apoptosis. Interestingly, in these cells the V-ATPase inhibitor-mediated attenuation of
TRAIL-induced apoptotic signalling was not only more pronounced, but also more extended,
confirming our suspicion that in cells with intact mitochondria-mediated apoptotic signalling,
the mitochondrial amplification loop overcomes the attenuation of caspase activation

imposed by V-ATPase inhibitors in a time-dependent manner.

Endosomal acidification is also required for the activation of ceramide-producing acid
sphingomyelinase (ASM), which has been previously shown to participate in DR-mediated
apoptotic signalling. For TNFR1-mediated apoptotic signalling, activated caspase-8 and then
caspase-7 were responsible for the cleavage-mediated activation of ASM, followed by an
increased production of apoptosis-enhancing ceramides [23]. In Fas-induced apoptosis of rat
hepatocytes, caspase-8-assisted endosomal acidification and the subsequent ASM/ceramide-

mediated activation of ROS production were also required for the amplification of the
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apoptotic signalling [24]. TRAIL can similarly trigger the ASM-mediated production of
ceramides [30], and it has been published that TRAIL-induced apoptosis was enhanced by
ceramides in TRAIL-resistant colorectal carcinoma cells, doxorubicine-treated leukaemia
cells and arterial endothelial cells [32, 38-40]. However, our examination of the potential
connections between blocking endosomal acidification and the activation/activity of ASM in
TRAIL-induced apoptotic signalling did not point to any role of ASM in the suppressive
effect of V-ATPase inhibitors. The ASM inhibitor desipramine, in contrast to V-ATPase
inhibitors, had only a negligible effect on early TRAIL-induced apoptotic signalling. Also,
the V-ATPase inhibitor-mediated attenuation of TRAIL-induced apoptosis was not enhanced
by the concomitant inhibition of ASM. Moreover, supplementing BafAl- or CCA-treated
cells with external C6 ceramide or C18 sphingosine could not reverse the inhibitory effect of
blocked endosomal acidification on TRAIL-induced apoptotic signalling. These results
suggest that ASM, at least in our model cell lines, is not involved in the V-ATPase-mediated

enhancement of the early stages of TRAIL receptor signalling.

As the V-ATPase inhibitor-mediated early attenuation of TRAIL-induced apoptotic
signalling is not related to the possible suppression of lysosomal membrane permeabilization
or the activity of ASM and the concentration/ratio of spingolipids, and is blunted by con-
current mitochondrial amplification of apoptotic signalling, we focused on the mechanisms
and processes related to the activation of the main initiator caspase-8 — the assembly and
activation of the DISC. Surprisingly, V-ATPase inhibitors did not affect the basic
composition of the DISC, but we reproducibly observed the attenuation of caspase-8
processing in TRAIL-treated cells with blocked endosomal acidification. Recent reports from
the MacFarlane and Lavrik laboratories claim that the efficient activation of caspase-8 at the
TRAIL of FasL DISCs is accompanied by their higher order clustering and point to the

delicateness of fine tuning the cFLIP:caspase-8 ratio for the regulation of caspase-8 activation
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[41, 42]. In cells treated with V-ATPase inhibitors, we observed a significant delay in the
formation of aggregated, TRAIL-containing structures resembling multi-vesicular bodies.
The rapid formation of these structures could thus enhance the clustering of the TRAIL
receptors and subsequently the DISC-mediated activation of caspase-8. These processes
obviously require fine regulation, and as we also observed, the simple changing of levels or
the downregulation of any of these regulators, such as cFLIP, can dramatically shift the
balance towards apoptosis even in cells with suppressed endosomal acidification. Additional
factors such as the caspase-8 stability-regulating ubiquitin E3 ligases cullin3 and TRAF2 or
some other as-yet unidentified proteins could play a role (and be affected by the endosomal
acidification-enhanced clustering) in this process, ultimately related to the kinetics and
robustness of caspase-8 activation [13, 43]. Endosomal acidification could also affect
posttranslational modifications of caspase-8 such as its inhibitory phosphorylation by src, p38
MAPK or RSK2 [44-46]. Obviously, further studies are required to fully address this issue.
Interestingly, V-ATPase inhibition has no effect on the TRAIL-induced activation of NF-«xB,
suggesting that its function is restricted only to the pro-apoptotic part of TRAIL signalling.
The vacuolar proton pump can therefore play a role in shifting the balance in favour of cell
death instead of cell survival under normal conditions.

Numerous proximal regulatory mechanisms of TRAIL-induced pro-apoptotic signalling
have already been established. They include the level of cell surface expression of pro- and
anti-apoptotic TRAIL receptors, their posttranslational modification, the clustering of
activated TRAIL receptors in ceramide-rich membrane domains, and the presence and
posttranslational modification of the intracellular DISC components FADD, caspase-8 or
cFLIP. Here we show that V-ATPase activity and endosomal acidification are other factors

that contribute to the efficacy of TRAIL pro-apoptotic signalling, and for the first time we
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demonstrate the impact of V-ATPase activity on DISC formation and the processing and

activation of initiator caspases.

Materials and methods

Cell lines, chemicals and antibodies

HCT-116, DLD-1, Colo206F and HeLa cells were purchased from ATCC-LGC Promochem,
HUH-7 (JCRB0403) from JCRB Cell Bank and human immortalized keratinocytes NCTC
were provided by Dr. L. LoMuzio. Cells were cultivated in DMEM (HCT-116, HeLa),
IMDM (HUH-7, NCTC) or RPMI (DLD-1, Colo206F) medium supplemented with 10% FCS

and antibiotics.

Human recombinant TRAIL was provided by Apronex (Vestec,, Czech Republic),
desipramine by Enzo LS (Farmingdale, New York, USA) and bafilomycin A1, concanamycin
and chloroquine by Sigma-Aldrich (St. Louis, Missouri, USA). C18 sphingosine was
purchased from Avanti Polar Lipids (Alabaster, Alabama, USA) and C6 and C18 ceramides
from Enzo LS. The following antibodies were used for Western blotting: caspase-3 (mouse,
31A1067, Enzo LS), cleaved -caspase-3 (rabbit, 9661, Cell Signaling, Danvers,
Massachusetts, USA), caspase-8 (rabbit, 559932, BD Pharmigen, Franklin Lakes, New
Jersey, USA; mouse, 12F5, ENZO LS; mouse 9746, Cell Signaling), caspase-9 (rabbit, 9602,
Cell Signalling), cleaved caspase-9 (rabbit, 9505, Cell Signaling), caspase-10 (mouse, 4Cl1,
MBL, Woburn, Massachusetts), DRS (rabbit, D3938, Sigma-Aldrich), FADD (rabbit,
610399, BD Transduction Laboratories), PARP (rabbit, 7150, Santa Cruz Biotechnology,
Dallas, Texas, USA), cFLIP (mouse, NF-6, Enzo LS), XIAP (mouse, 610762, BD
Transduction Laboratories), P-NF-kB p65 (rabbit, 3033, Cell Signalling), NF-xB p65 (rabbit,
7151, Santa Cruz Biotechnology), P-SAPK/JINK (rabbit, 925185, Cell Signalling), P-p44/42

MAPK (Erk1/2) (rabbit, 4370, Cell Signalling), p44/42 MAPK (Erk1/2) (rabbit, 4695, Cell
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Signalling), P-p38 MAP Kinase (rabbit, 9211, Cell Signalling), p38 MAP Kinase (rabbit,
9212, Cell Signalling) and actin (goat, C-11, Santa Cruz Biotechnology); for
immunocytochemical analysis: LAMP3 (mouse, prepared in Dr. Horejsi’s lab), LAMP2
(mouse, H4B4, Exbio, Vestec, Czech Republic), cleaved caspase-8 (rabbit, 18C8, Cell
Signalling) and fluorochrome conjugated goat anti-mouse IgG and anti-rabbit IgG secondary
antibodies (Molecular Probes, Life Technologies, Carlsbad, California, USA); and for flow
cytometry: M30-Cytodeath FITC (mouse, ALX-804-590F, Enzo LS), DR4 (mouse, DR-4-02,
Exbio), DR5 (mouse, DR5-01-1, Exbio), Fas (mouse, DX2, BD Transduction Laboratories)

and cleaved caspase-8 (rabbit, 18C8, Cell Signalling).

Cell lysis, Western blotting and DISC immunoprecipitation

Cells (either in the cultivation vessels or pellets of trypsinized cells) were directly lysed in
SDS sample buffer; the lysates were cleared by filtering through filter tips to remove DNA
and then boiled for 2 minutes. Clarified lysates corresponding to an equal number of cells
(usually 40-60 pg of total protein) were run on SDS-polyacrylamide gels, blotted to
nitrocellulose membranes, and then analysed by immunodetection using the appropriate

antibodies.

For DISC precipitation, cells in ice-cold cultivation medium were incubated with biotinylated
TRAIL (1 pg/ml) on ice for 15 minutes, then the medium was exchanged for warm medium
(37°C) and the cells were incubated for defined time periods. At the relevant time points the
cells were scraped into ice-cold PBS, washed with PBS and lysed in ice-cold 1% NP40 lysis
buffer (1% NP40; 20 mM Tris; 150 mM NaCl; 10% glycerol; 10 mM EDTA; 1x Complete
protease inhibitor cocktail, Roche, Penzberg, Germany; pH 7.5) on ice for 30 minutes.
Nuclei and cell debris were removed by centrifugation at 16,000 x g for 30 minutes;

streptavidin-agarose beads (Pierce, Thermo Scientific, Rockford, Illinois, USA) were added
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to the supernatant, and the samples were incubated with rotation at 4 °C for 1 hr. The bead-
bound DISC complexes were washed five-times with lysis buffer and finally released by
adding 100 pl of SDS sample buffer directly to the beads and heating at 95°C for 5 minutes.
The agarose bead slurry was centrifuge-filtered through filter tips, and the samples were

analysed by Western blotting.

Flow cytometry-based assays

The M30-FITC-based assay for quantifying effector caspase activity (cleavage of cytokeratin
18) was carried out according to the manufacturer’s recommendations (ENZO LS). Briefly, at
different time points after incubation, TRAIL cells were detached by trypsinization, washed
with PBS and fixed in methanol at -20°C for 30 minutes. Then they were rinsed twice with
ice-cold PBS containing 0.5% BSA and incubated with M30-FITC antibody (1 pg/ml) for 1
hr at room temperature. The cells were then washed twice with PBS and analyzed using a
LSRIT flow cytometer (BD Biosciences). Data were evaluated using FlowJo software

(TreeStar, San Carlos, California, USA).

The determination of the cell surface expression of death receptors: adherent cells were
released by treatment with PBS containing 10 mM EDTA and, after washing with ice-cold
PBS, were incubated in blocking solution (PBS with 20% human serum, 1% gelatin and 0.1%
azide) on ice for 15 min. Cells were then washed once with wash buffer (PBS containing 1%
gelatine and 0.1% azide), incubated with the appropriate primary monoclonal antibodies,
washed twice with ice-cold wash buffer and finally incubated with the secondary goat anti-
mouse antibody coupled to phycoerythrin (IgG1-PE) (SouthernBiotech, Birmingham,
Alabama, USA). All incubations were performed on ice. After two final washes, the surface

expression of the receptors on living cells (Hoechst 33258 negative) was analysed.
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For the quantification of cleaved caspase-8 (p43/p41 and pl8 fragments), we followed the
protocol from the manufacturer (Cell Signalling). In brief, TRAIL-treated cells were
harvested by trypsinisation, washed and fixed in 3% formaldehyde at 37°C for 10 minutes.
Ice-cold methanol was added to a final concentration of 90%, and the cells were incubated on
ice for 30 min. After two washings with PBS, non-specific interactions were blocked by a 10
min incubation in blocking/staining buffer (0.5% bovine serum albumin in 1xPBS), then the
cells were incubated with a rabbit monoclonal antibody against cleaved caspase-8 (Asp391)
(18C8) for 30 min followed by incubation with Alexa 488-conjugated goat anti-rabbit IgG.

Samples were finally diluted in PBS and analysed by flow cytometry.

Confocal microscopy

Cells grown on cover slips were washed with PBS and fixed with 3% paraformaldehyde in
PBS at room temperature for 15 min, then permeabilized for 5 min in 0.3% Triton X-
100/PBS and finally rinsed twice with PBS. Non-specific binding was blocked by 1%
BSA/PBS, followed by 15 min incubation with the primary antibodies, diluted to 2 pg/ml in
1% BSA. After three washes with PBS, the slides were incubated with the appropriate
fluorescently-labeled secondary antibody in the dark for 30 minutes. The secondary
antibodies — Alexa 488- and 594-conjugated anti-rabbit IgG and Alexa 488- and 594-
conjugated anti-mouse IgG — were supplied by Molecular Probes and diluted to 5 pg/ml. The
slides were then washed twice with PBS, and DAPI (1.25 uM in PBS) was added to the third
wash. Finally, after the last wash the slides were mounted in ProLong Gold anti-fade reagent

(Invitrogen, Life Technologies, Carlsbad, California, USA).

Lysosensor (LysoSensor™ Green DND-189, Invitrogen) was used according to the
manufacturer’s recommendations. LysoSensor-treated cells were visualized alive. Alexa 647-

labeled TRAIL was added directly to the cells and incubated at 37°C according to
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experimental needs. Cells were mounted in ProLong Gold antifade reagent (Invitrogen), and
the cell membrane-permeable DNA dye Hoechst 33540 (Invitrogen) was then used for DNA
staining. Cells mounted on slides were analyzed by confocal microscopy using a Leica TCS

SPs.

Quantification of sphingolipids by mass spectrometry

A cell pellet was transferred from an Eppendorf tube into a degreased glass tube (13 x 100
mm) using 1.5 ml of methanol. After adding 0.75 ml of chloroform, the contents were
dispersed by using a bath sonicator for 5 min. at room temperature. The extraction process
continued in a heating block at 48°C overnight. After cooling, 80 pl of 1 M KOH in methanol
was added and, after brief sonication, the extract was incubated in a water bath for 2 h at
37°C. After cooling and sonication, 8 pl of glacial acetic acid was added to bring the extract
to neutral pH. This slight hydrolysis removed most of the glycero- and phosphor-lipids that
can interfere with or mask a low abundance of the sphingolipids of interest during mass
spectrometric analysis (sphingolipids remain unaffected by this hydrolysis). The solvents
were removed by nitrogen drying at room temperature, and the residue was reconstituted by
300 ul of a 3:1 methanol/chloroform mixture. An appropriately diluted aliquot of the cell
extract was prepared using mobile phase solvents RA/RB 60/40 for HPLC-tandem MS

analysis.

Sphingolipids of interest were separated by reverse-phase HPLC and detected by tandem
mass spectrometry. The HPLC conditions were as follows: DEVELOSIL C30
column 150x2.1 mm, flow rate 0.7 ml/min., gradient mobile phases RA/RB (RB=methanol,
RA= methanol/water 60/40), starting ratio RA/RB  60/40, total time 42 min, liquid
chromatograph Agilent 1200 (Agilent Technologies, Santa Clara, California, USA). The

tandem mass spectrometry (tandem MS on a TripleQuand 6410 mass spectrometer with ESI,
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Agilent) conditions were as follows: ESI in positive mode, drying nitrogen flow 10 1t/min,
fragmentor voltage and collision energy voltage optimized for each sphingolipid multiple
reaction monitoring (MRM) scan mode. The amount of each sphingolipid species in the cell
extract was based on the corresponding chromatographic peak area (using the same volume
of cell extract and analysed aliquot for all samples). The following chemicals were used:
methanol (HPLC grade, Avantor, Central Valey, Pennsilvania, USA), chloroform, formic
acid, ammonium formate, acetic acid and potassium hydroxide (analytical grade, MS grade,

Sigma-Aldrich).

SiRNA- or shRNA-mediated downregulation of gene expression

SiRNA targeting Rab7 (siGENOME MQ-010388-00-0002 — pool of four different siRNAs)
and the non-targeting control siRNA (AGGUCGAACUACGGGUCAA) were purchased
from Dharmacon (Thermo Scientific). DLD-1 cells were transfected with these siRNAs at
final 100 nM concentration using Lipofectamine 2000 (Invitrogen) according to the
manufacture’s instruction. Two days after transfection, cells were analysed for Rab7

expression and used in the experiments.

Recombinant pLKO1 lentoviruses expressing shRNAs for cFLIP were purchased from
Sigma-Aldrich (see Suppl. Table 2). Two days after transduction, mixed cultures of DLD1 or
Colo206F cells expressing the corresponding shRNA were selected for 4 days using medium
containing puromycin (Enzo LS) at a concentration of 3 pg/ml. Out of five tested shRNAs,
the two best performing ones (80-90% downregulation of mRNA expression) were chosen
for further experiments. Mock-transduced cells were prepared in the same way using a non-

silencing pLKO1 lentivirus.
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Statistical analysis

Data where applicable are presented as means + sd (standard deviation) for the given number
(n) of independent experiments. Student’s unpaired #-test or one-way ANOVA for multiple
comparisons were used to determine significant differences between the experimental groups.
Values of *p<0.05 were considered as significant, **p<0.01 as very significant and ***

p<0.001 as extremely significant.
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Figure 1

Inhibition of V-ATPase significantly but transiently suppresses TRAIL-triggered,
mitochondrial amplification-independent activation of caspases

a) Colo206F cells and DLD-1, either untreated or pre-treated for 1 hour with bafilomycin Al
(BafA1l, 20 nM), were incubated with recombinant TRAIL (200 ng/ml) for 30 or 60 min, and
the fraction of cells with the cleaved substrate of activated caspases - cytokeratin 18 (CK18)
- was quantified by M30-FITC staining and flow cytometry. The number of independent
experiments (n), standard deviations and statistical significances are shown (* = P < 0.05, **
=P <0.01, #** =P <0.005).

b) Colo206F cells were pre-incubated with inhibitors of vesicular acidification (20 nM final
concentrations) for 1 hr and then treated with TRAIL (200ng/ml) for up to 4 hrs. The data
show the relative activities of caspases (M30-FITC-positive cells) at distinct time points in
cells pre-treated with inhibitors compared to the activities in control cells (treated with
TRAIL but without V-ATPase inhibitor). Data with standard deviations represent a set of
three independent experiments.

¢) HCT-116" and HCT-116"" cells, either untreated or pre-treated for 1 hour with
bafilomycin A1 (BafAl, 20 nM), were incubated with recombinant TRAIL (200 ng/ml) for
the indicated time periods, and the fraction of cells with activated caspases was quantified by
M30-FITC staining and flow cytometry. The number of independent experiments (n) and

statistical significances are shown (** = P <0.01, *** = P <0.005).
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Pattern and distribution of lysosomes and TRAIL-containing receptosomes is affected by the
inhibition of V-ATPase in a time-dependent manner.

a) HCT-116 cells were incubated for 30 minutes with LysoSensor DND157 (10 pg/ml), then
for an additional 15 minutes with TRAIL (200 ng/ml) alone or in combination with
bafilomycin Al (BafAl, 20 nM), and the acidic compartments were visualized by confocal
microscopy.

b) HCT-116 cells were grown on cover glasses and incubated with fluorescent Alexa 647-
labeled TRAIL (1 pg/ml) for 30 min alone or in combination with bafilomycin Al (BafAl,
20 nM). The cells were fixed in 3% formaldehyde and permeabilizated by 90% ice-cold
methanol. The lysosomal marker LAMP3 was immune-stained and its cellular localization
was visualized by confocal microscopy using a Leica SP3.

¢) HCT-116 cells were grown on cover glasses and incubated with fluorescent Alexa 647-
labeled TRAIL (1 pg/ml) for 20 or 60 min. The cells were fixed in 3% formaldehyde and
permeabilizated by 90% ice-cold methanol. Cleaved caspase-8 (Asp391) and the lysosomal
marker LAMP3 were immune-stained and their cellular localization was analysed by
confocal microscopy using a Leica SP5. Two representative images for each duration of

TRAIL treatment are shown.
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Figure 3

The blocking of endosomal acidification changes the pattern and kinetics of TRAIL-receptor
complex trafficking within the first hour of the treatment..

HCT-116 cells grown on cover glasses were either untreated or pre-treated with bafilomycin
Al (BafAl, 20 nM), then incubated with fluorescent Alexa 647-conjugated TRAIL (1 pg/ml,
green colour) for 0 to 120 min. Cells were fixed in 3% paraformaldehyde, permeabilizated by
0.1% Triton X, stained with an antibody against lysosomal protein LAMP2 (red signal) and
the nuclei visualized by Hoechst 33540 (blue signal). Confocal microscopy was performed
using a Leica SP5 microscope. The data shown are representative of two independent

experiments.
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Figure 4

Inhibition of V-ATPase or ASM leads to a drop in the levels of cellular sphingolipids and
variably affects the TRAIL-induced activation of caspases.

a) Colo206F cells were either untreated or treated with bafilomycin Al (BafAl, 20 nM) or
desipramine (20 uM) for 1 hr. Cells were trypsinized and counted, then equal numbers of
cells per sample were subjected to HPLC-MS analysis of cellular sphingolipids. The relative
levels of sphingolipids in treated vs. untreated cells are shown. C16 — ceramide 16, C18 —
ceramide 18, C24 — ceramide 24, SO — CI18 sphingosine, S1P — CI18 sphingosine-1-
phosphate. The data represent the means and standard deviations of four experiments.

b) Colo206F cells were either left untreated or pre-treated with bafilomycin Al (BafAl, 20
nM), desipramine (20 uM) or their combination for 1hr. The cells were then incubated with
recombinant TRAIL (200 ng/ml) for 30 or 60 min, and the fraction of cells with TRAIL-
activated caspases was quantified by M30-FITC staining and flow cytometry. The relative
ratio of cells with cleaved CK18 in pre-treated cells vs. non-pre-treated cells is shown. The

data show averages means and standard deviations from three independent experiments.
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Figure 5

BafAl treatment does not alter the cell surface expression of death receptors or the kinetics
of their TRAIL-induced internalization.

a) HCT-116 cells were treated with bafilomycin Al (BafAl, 20nM) for the indicated time
periods, and the surface expression of the death receptors DR4, DR5 and Fas was determined
by antibody staining and flow cytometry. The medians and standard deviations from three
independent experiments are shown.

b) TRAIL was added to control (untreated) and bafilomycin Al- (BafAl, 20 nM) pre-treated
HCT-116 cells, and at the indicated time points after TRAIL addition, the cell surface
expression of the TRAIL receptors DR4 and DRS was analyzed by antibody staining and
flow cytometry. Medians and standard deviations from three independent experiments are

presented.
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Figure 6

V-ATPase inhibitors suppress the cleavage/processing of several apoptosis-related proteins
but do not affect TRAIL-induced pro-survival signalling.

a) Colo206F cells were either untreated (ctrl) or pre-treated with bafilomycin Al (BafAl, 20
nM) or concanamycin A (CCA, 20nM) and incubated with recombinant TRAIL (200 ng/ml)
for 60 minutes. The cells were then lysed in SDS lysis buffer, and the expression and status
of the selected proteins were analyzed by Western blotting.

b) HCT-116 cells pre-treated with bafilomycin A1 (BafAl, 20 nM ) or concanamycin (CCA,
20 nM) and control (untreated) cells were simultaneously treated with recombinant TRAIL
(200 ng/ml) in a time-dependent manner for 0 to 60 min. The cell lysates were analyzed by

Western blotting using the specified antibodies.
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Figure 7

Inhibitors of endosomal acidification attenuate the DISC-mediated activation of the initiator
caspases.

Colo206F cells, either untreated or pre-treated (1 hr) with concanamycin A (CCA, 20 nM),
were incubated (0 - 30 min) with biotinylated TRAIL (bio TRAIL, 1 pug/ml) for the times
indicated. The TRAIL receptor complexes were then isolated by streptavidin-agarose beads,
and the captured protein complexes were analyzed by Western blotting with the indicated

antibodies (IP — immunoprecipitation, CL — cell lysate).
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Figure 8

Downregulation of cFLIP largely blunts the inhibitory effect of V-ATPase inhibitors on
TRAIL-induced apoptotic signalling.

a) Western blot analysis of cFLIP;5 expression in DLD-1 cells with shRNA-mediated
suppression of cFLIP (2 different RNA hairpins, sh cFLIP 1 and 2) and in control samples
(wt and cells transduced with non-silencing shRNA — NS).

b) DLD-1 cells with shRNA-mediated suppression of cFLIPs levels (as in Fig. 6a) were left
untreated or pre-treated with bafilomycin Al (BafAl, 20 nM) for 1 hr. The cells were then
incubated with TRAIL (200ng/ml) for 30 to 90 min, stained with M30-FITC and analyzed by
flow cytometry. The number of independent experiments (n), standard deviations and

statistical significances are shown (* = P <0.05).
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Supplementary Figure S1

V-ATPase inhibitors or chloroquine suppress to various extents TRAIL-induced

apoptotic signalling in a number of human cancer cell lines

a) HCT116, DLD-1 and Colo206F cells, either untreated or pre-treated for 1 hour
with bafilomycin Al (BafAl, 20 nM), concanamycin A (CCA, 20 nM) or chloroquine
(CHQ, 500 uM), were incubated with recombinant TRAIL (200 ng/ml) for 30 or 60
min, and the fraction of cells with cleaved CKI18 was quantified by M30-FITC
staining and flow cytometry. Average values from three independent experiments are

shown with standard deviations.

b) Cell lines of different tissue origin (NCTC — transformed keratinocytes, HUH7 —
hepatocarcinoma, HeLLa — cervical carcinoma) were treated and evaluated as specified
in a). The percentages represent the population of apoptotic M30-positive cells in the

cell culture. Average results from two independent experiments are shown.
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Supplementary Figure S2

The inhibitory effect of bafilomycin Al is fast and affects the proximal TRAIL-induced

activation of caspase-§.

a) Colo206F cells were incubated with bafilomycin Al (BafAl, 20 nM) applied at
various time points prior to (negative numbers) or after (positive numbers) adding
TRAIL (200 ng/ml). Representative histograms of M30-FITC-stained cells from three
independent experiments are shown (the numbers indicate the percentage of M30-

FITC-positive apoptotic cells).

b) DLD-1 cells were pre-treated with the indicated reagents for 1 hr, then treated with
TRAIL (200 ng/ml) for 30 and 60 min, harvested and stained for cleaved caspase-8 by
a specific antibody according to the manufacture’s recommendation. Cells with
cleaved caspase-8 were then quantified by flow cytometry. Results from pre-treated
samples are plotted as a relative ratio to the results from TRAIL-treated control cells

(setto 1). Averages from 2 independent experiments are shown.
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Supplementary Figure S3

Effect of concanamycin A on the distribution and trafficking of TRAIL-containing
endosomes in DLD-1 cells.

DLD-1 cells grown on cover glasses were either untreated or pre-treated with
concanamycin A (CCA, 20 nM), then incubated with fluorescent Alexa 647-
conjugated TRAIL (1pg/ml, green colour) for 0 to 90 min. Cells were fixed in 3%
paraformaldehyde and the nuclei visualized by Hoechst 33540 (blue signal). Confocal
microscopy was performed using a Leica SP5 microscope. The shown data are

representative of two independent experiments.
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Supplementary Figure S4

Downregulation of Rab7 GTPase has no effect on the activation of proximal TRAIL-
induced apoptotic signalling.

DLD-1 cells were transfected with Rab7 or control siRNAs and treated with TRAIL
for 1 hr. TRAIL-induced pro-apoptotic signalling was determined by Western blotting
with anti-PARP antibody (a) and flow cytometry using M30-FITC staining (b).
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Supplementary Figure S5

C18 sphingosine did not reverse the BafAl-mediated suppression of TRAIL-induced

apoptotic signalling.

Colo206F cells were pre-treated with bafilomycin Al (BafAl, 20 nM ) for 1 hr in the
presence or absence of 5 mM C18 sphingosine and then with TRAIL (200ng/ml) for
30-90 min. The cells were then harvested, stained with M30-FITC and analyzed by

flow cytometry.
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Bafilomycin Al treatment does not alter the cell surface expression of death receptors
or the kinetics of their TRAIL-induced internalization in DLD-1 and Colo206F cells.
a) Cells were treated with bafilomycin Al (BafAl, 20nM) for the indicated time

periods, and the surface expression of the death receptors DR4, DR5 and Fas was

determined by antibody staining and flow cytometry. The medians and standard

deviations from three independent experiments are shown.
b) TRAIL was added to control (untreated) and bafilomycin Al- (BAfAI, 20 nM)
pre-treated cells, and at the indicated time points after TRAIL addition, the cell

surface expression of the TRAIL receptors DR4 and DRS was analyzed by antibody

staining and flow cytometry. Average values and standard deviations from three

independent experiments are presented.
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Supplementary Figure S7 TRAIL

Effect of suppressed endosomal acidification on the cleavage/processing of several

apoptosis-related proteins and TRAIL-induced pro-survival signalling in DLD-1 and
Colo206F cells.
a) DLD-1 cells were either untreated (ctrl) or pre-treated with BafAl (20 nM) or
chloroquine (CHQ, 40 nM) and incubated with recombinant TRAIL (200 ng/ml) for 4

minutes. The cells were then lysed in SDS lysis buffer, and the expression and status

of the selected proteins were analyzed by Western blotting (* - nonspecific bands).

b) Colo206F cells pre-treated with bafilomycin Al (BafAl, 20 nM ) or concanamycin

(CCA, 20 nM) and control (untreated) cells were simultaneously treated with

recombinant TRAIL (200 ng/ml) in a time-dependent manner for 0 to 60 min. The

cell lysates were analyzed by Western blotting using the specified antibodies.



Supplementary Table S1
Sequences of short inhibitory RN As in the sShRNA-expressing lentiviral pLKO1-based

vectors used for downregulation of cFLIP in DLD-1 cells.

No. shRNA Sequence (5°->3")

1 Non-silencing/non- CAACAAGATGAAGAGCACCAA
targeting

2 cFLIP1 CCTCACCTTGTTTCGGACTA

3 cFLIP2 GCTCCATAATGGGAGAAGTAA
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Abstract TRAIL, a ligand of the TNFu« family, induces
upon binding to its pro-death receptors TRAIL-R1/DR4
and TRAIL-R2/DRS5 the apoptosis of cancer cells. Acti-
vated receptors incite the formation of the Death-Inducing
Signaling Complex followed by the activation of the
downstream apoptotic signaling. TRAIL-induced apoptosis
is regulated at multiple levels, one of them being the
presence and relative number of TRAIL pro- and anti-
apoptotic receptors on the cytoplasmic membrane. In a
yeast two-hybrid search for proteins that interact with the
intracellular part (ICP) of DR4, we picked ARAPI, an
adapter protein with ArfGAP and RhoGAP activities. In
yeast, DR4(ICP) interacts with the alternatively spliced
ARAPI lacking 11 amino acids from the PHS domain.
Transfected ARAP1 co-precipitates with DR4 and
co-localizes with it in the endoplasmic reticulum/Golgi, at
the cytoplasmic membrane and in early endosomes of
TRAIL-treated cells. ARAP1 knockdown significantly
compromises the localization of DR4 at the cell surface
of several tumor cell lines and slows down their
TRAIL-induced death. ARAP1 overexpressed in HEL cells
does not affect their TRAIL-induced apoptosis or the
membrane localization of DR4, but it enhances the
cell-surface presentation of phosphatidyl serine. Our data
indicate that ARAP1 is likely involved in the regulation of
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the cell-specific trafficking of DR4 and might thus affect
the efficacy of TRAIL-induced apoptosis.

Keywords Apoptosis - TRAIL - Interaction - Receptor -
Trafficking - Signaling

Abbreviations
TNF Tumor necrosis factor
TRAIL/Apo2L.  TNF-related apoptosis-inducing ligand

Arf ADP-ribosylation factor small GTPase

ARAPI1 ArfGAP, RhoGAP, Ankyrin repeats and
pleckstrin  homology (PH) domains
containing protein

DD Death domain

DISC Death-inducing signaling complex

ER Endoplasmic reticulum

GAP GTPase-activating protein

IAP Inhibitor of apoptosis

MFI Median fluorescence intensity

MMP Mitochondrial membrane
permeabilization

PARP Poly-ADP ribose polymerase

SiRNA Small inhibitory RNA

TGN Trans-Golgi network

Introduction

TNF-related apoptosis-inducing ligand (TRAIL/Apo2L) is
a member of the tumor necrosis factor (TNF) family and is
mainly expressed on the surface of hematopoietic cells
(B-lymphocytes, antigen-activated T cells, NK cells and
monocytes), though its mRNA has also been detected in
many other tissues such as spleen, lung and prostate [1, 2].
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TRAIL preferentially induces the apoptosis of malignant
cells rather than normal cells [3, 4] and interacts with
five different receptors: apoptosis-inducing receptors
DR4/TRAIL-R1 and DRS5/TRAIL-R2, decoy receptors
DcR1/TRAIL-R3 without the intracellular part and DcR2/
TRAIL-R4 with a truncated death domain, and osteo-
progeterin (OPG) [5-9]. Death receptors DR4 and DRS are
expressed on most, if not all, normal somatic cells; nev-
ertheless, on these cells their engagement with TRAIL
usually does not trigger apoptosis [1, 5, 6]. The combina-
tion of the lower expression of pro-apoptotic receptors and
the increased expression of decoy receptors and of intra-
cellular anti-apoptotic proteins such as FLIP or Mcl-1
provides protection for healthy human cells against
TRAIL-induced apoptosis. However, the sensitivity of
normal human cells to TRAIL-induced apoptosis is greatly
enhanced by their transformation, viral infection, or other
pathological processes [10].

The intracellular part of the death receptors contains an
approximately 80 amino acid long, conserved domain
called the death domain (DD) [11]. This structural motif is
essential for the formation of the Death-Inducing Signaling
Complex (DISC) and the induction of apoptosis [12]. The
basic TRAIL DISC is composed of the ligand, the recep-
tor(s), the adapter protein FADD, and the initiator pro-
caspase-8 or -10 and is formed shortly after TRAIL binding
to its receptors [13]. Pro-caspase-8, recruited to the DISC
via FADD, is rapidly activated by auto-proteolytic cleav-
age; its activated pro-domains persist in the DISC and
cleave downstream effector proteins [14]. Active caspase-8
can directly activate the executioner caspases (-3, -6, -7) in
so-called type I signaling. Caspase-8-mediated cleavage of
Bid is required for the translocation of truncated Bid (tBid)
to the mitochondria and the activation of type II mito-
chondrial apoptotic signaling [15, 16]. Besides the
expression and cell-surface localization of pro- and anti-
apoptotic TRAIL receptors, TRAIL-induced apoptosis of
human tumor cells is regulated by the inhibition of DISC
assembly, ineffective downstream signal transduction (Bid
processing and translocation, Bax/Bak activation), or by
the suppression of the amplification loop at or downstream
of the mitochondria (inhibition of MMP or activated
effector caspases via IAPs) [10, 17, 18].

The first and essential condition for the productive ini-
tiation of TRAIL-induced apoptosis is the expression and
proper cellular localization of the proapoptotic TRAIL
receptors DR4 and DRS5. They are predominantly localized
at the cell surface and in the ER/TGN system [19].
A similar pattern of localization was also described for
TNFR1 and CD95 [20-22]. Their transport from the TGN
to the cellular membrane is apparently mediated by cargo-
transport vesicles composed of Arf GTP-binding proteins,
coat proteins such as COPI or clathrin, GGA and tetrameric

@ Springer

adaptor proteins (APs), and transported receptors [23].
Among Arf proteins, Arfl is required for the recruitment of
coat proteins from the cytosol onto the membranes of the
TGN [24]. Arf-protein cargo-related activity is regulated by
a family of Arf GAP proteins such as ArfGAPI or AZAP
proteins that activate GTP hydrolysis and thus induce Arf
dissociation from the coated vehicles [25]. Arf GAPs,
however, not only serve as catalysts of Arf release and
recycling, but they also represent a group of coat proteins
that can interact with cargo proteins (e.g., transported
receptors). Arf GAP1 interacts with the ERD2 receptor via
its C-terminal domain, while ACAP1, a member of the
AZAP family, binds to the cytoplasmic tail of the human
transferrin receptor and promotes its recycling [26, 27].
Here we present evidence that ARAP1/centaurin 62, a
member of the AZAP family [28], can interact with DR4
both in yeast and in mammalian cells. siRNA-mediated
downregulation of ARAP1 markedly and specifically
reduced the cell-surface localization of DR4 in several
human cell lines and attenuated the kinetics of their TRAIL-
induced apoptosis. Our data thus indicate that ARAP1 could
be involved in the regulation of DR4 cellular trafficking.

Materials and methods
Cells, reagents and antibodies

Human immortalized keratinocytes NCTC were provided
by Dr. L. LoMuzio, MG-63 and Saos-2 by Dr. P. Hozak,
human colon carcinoma cells HCT-116, DLD-1, HT29 and
the erythroleukemia cell line HEL (human erythroleuke-
mia) were purchased from ATCC and HEK293FT from
Invitrogen. Human recombinant TRAIL (amino acids
95-281) was prepared in our laboratory as described pre-
viously [29]. Mouse monoclonal antibodies against the
extracellular parts of DR4, DR5, DR6 and against the
C-terminal part of ARAP1 (amino acids 1,084 to 1,372)
were prepared in our laboratory. DR4 blocking antibody
DR4-02 was purchased from Exbio. The following com-
mercially available antibodies were obtained from the
indicated suppliers: mouse monoclonal anti-Myc tag
(Roche Molecular Biochemicals), rabbit polyclonal anti-
caspase-8 (BD Biosciences), rabbit polyclonal anti-DR4,
DRS5, Bid, PARP and Rab5A (Santa Cruz). Rabbit poly-
clonal anti-ARAP1 antibody was kindly provided by
Dr. P.A. Randazzo. Anti-TRAIL receptor-1 to -4 flow
cytometry set and rabbit polyclonal anti-DR4 and DRS5
antibodies were purchased from Alexis. Secondary Alexa-
488- and Alexa-594-conjugated goat anti-rabbit IgG and
Alexa-488- and -594-conjugated goat anti-mouse IgG
antibodies were supplied by Molecular Probes. FITC-con-
jugated anti-M30 antibody was purchased from Roche
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Molecular Biochemicals. Mouse monoclonal anti-CD43
and anti-fl-integrin antibodies were kindly provided
by Dr. V. Horejsi and anti-o-tubulin antibody by
Dr. P. Draber. Anti-DR4, DRS5, DR6 and CD43 (MEM-59)
antibodies used for immunoprecipitations were coupled to
activated CNBr Sepharose (GE Healthcare) according to
the manufacturer’s protocol.

Plasmids

KIAAO0782 plasmid encoding ARAP1 cDNA was supplied
by Kazusa DNA Research Institute (Chiba, Japan). The
cDNA was subcloned into the BamHI and Bg/II sites of
pKMyc-C3 (modified pCDNA3 with a Myc tag upstream of
the MCS). Full-length ARAPI1 (containing the SAM
domain and lacking exon 30) was prepared by PCR-assisted
subcloning from NCTC cDNA. pCDNA3-based DR6 and
CDA43 expression plasmids were prepared in our laboratory.
pCR-DR4 and pCR-DRS5 were kindly provided by Dr. J.
Tschopp. Deletion mutants of DR4 were prepared by PCR
using the primers shown in the Supplementary Table 1 and
subcloned into the EcoRI and BamHI sites of pCR3 plas-
mid. DR4-ICP was prepared by PCR (for primers—see
Suppl. Table 1) and cloned into the EcoRI and BamHI sites
of pGBKT?7. All PCR products were verified by sequencing.

Two-hybrid cDNA library screening

The yeast two-hybrid screening for DR4(ICP)-interacting
proteins was performed using the Matchmaker 3 system
(Clontech), according to the manufacturer’s protocol.
AH109 yeasts transformed with pGBKT7-DR4-ICP were
mated with Y187 cells containing HA-tagged human
cDNA libraries (leukocyte or bone marrow) cloned into the
PACT2 plasmid (Clontech). Upon auxotrophic selection on
SD/agar plates lacking tryptophan, leucine, adenine, and
histidine (SD-WLAH), the surviving colonies were trans-
ferred to SD/agar plates lacking tryptophan, leucine
(SD-WL) plates, and plates containing 5-brome-4-chloro-
3-indolyl--p-galactosid (X-Gal). Blue colonies were then
grown in the selective WLAH medium and analyzed by
Western blotting with anti-HA antibody. Clones with a
molecular weight above 35 kDa (i.e., with an insert longer
than 80—-100 amino acids) were sequenced and checked for
the specificity of their interaction with the bait.

Cell culture and transfection

HEK293FT, HCT116, MG-63 and NCTC cells were cul-
tured in Dublecco’s modified Eagle’s medium (DMEM),
and Saos-2 in RPMI medium containing 10% fetal calf
serum (FCS). HEL cells grown in RPMI medium with 10%

FCS were transfected with the pPKMyc-C3 ARAPI (Aexon
30) expression plasmid or with the empty vector (mock
transfection), and ARAP1-expressing clones were selected
using geneticin G418 (Alexis). Transfection of all the cell
lines was performed with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol.

Immunoprecipitation and Western blotting

Cells for immunoprecipitation were washed twice with ice-
cold PBS and lysed on ice in 1 ml of the lysis buffer con-
taining 20 mM Tris—HCI, 150 mM NaCl, 1 mM EDTA,
10% glycerol, 1% NP-40, 1 mM sodium orthovanadate, and
protease inhibitors (Complete, Roche), pH 7.5. Cell lysates
were centrifuged at 4°C and 13,000 rpm for 30 min, and the
supernatants were immunoprecipitated with the CNBr
Sepharose-coupled antibodies at 4°C for 4 h. The immu-
noprecipitated complexes were washed five times with the
lysis buffer and eluted from the immunosorbent with SDS
sample buffer. Proteins in the immunocomplexes or the cell
lysates were separated by SDS PAGE and transferred onto
nitrocellulose membranes (Amersham). Membranes were
blocked with 5% nonfat milk in PBS containing 0.05%
Tween (PBS/Tween), incubated with specific primary
antibodies and, after washes, with the appropriate peroxi-
dase-conjugated anti-rabbit or anti-mouse secondary
antibodies (BioRad). After three washes with PBS/Tween,
the bound secondary antibodies were visualized by
enhanced chemoluminescence (ECL, Pierce).

Confocal microscopy

NCTC cells were cultured on coverslips in a 24-well cul-
ture dish, transfected with the corresponding plasmids and
24 h later treated with 200 ng/ml TRAIL. At given time
points after adding TRAIL, the cells were washed with ice-
cold PBS, fixed with methanol at —20°C for 5 min and
permeabilized with acetone. Fixed cells were incubated in
blocking buffer (PBS with 1% bovine serum albumin) for
20 min, then with the primary antibodies for an additional
30 min, washed three times with PBS, and further incu-
bated with the appropriate secondary antibodies at room
temperature for 30 min. The coverslips were mounted on
slides using Mowiol mounting medium and analyzed by
confocal microscopy (Leica TCS SP confocal laser scan-
ning microscope).

Down-regulation of ARAP1 expression

A mix of or individual ARAP1 siRNAs (siGenome,
Dharmacon) or control Luciferase siRNAs CAAGCUGA
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CCCUGAAGUUCATAT (Dharmacon) were used for
Lipofectamine RNAiMax (Invitrogen)-mediated transfec-
tion of the analyzed cell lines. The sequences of selected
ARAPI1 siRNA were: oligo #1 GAAUAAGCUGUACG-
UGGCCdATdT, oligo #2 CUUCGUGGCUUCAAGAAU
AdTdT. Cells were cultured in 24-well culture dishes and
transfected at 40-50% confluence. Fifty-two hours later,
ARAP1 downregulation in siARAPI transfected cells was
confirmed by Western blotting, and the cells were used in
follow-up experiments (analysis of the surface expression
of receptors, TRAIL-induced apoptosis, etc.).

Flow cytometry and apoptosis assays

Adherent cells were released by treatment with PBS con-
taining 10 mM EDTA and, after washing with ice-cold
PBS, were incubated in blocking solution (PBS with 20%
human serum, 1% gelatin and 0.1% azide) on ice for
15 min. Cells were then washed once with wash buffer
(PBS containing 1% gelatine and 0.1% azide), incubated
with the appropriate primary monoclonal antibodies,
washed twice with ice-cold wash buffer and finally incu-
bated with the secondary goat anti-mouse antibody coupled
to phycoerythrin (IgG1-PE) (SouthernBiotech). All incu-
bations were performed on ice. After two final washes, the
surface expression of the receptors on living cells (Hoechst
33258 negative) was analyzed using a LSRII flow cytom-
eter (BD Biosciences). M30 Cytodeath assay (Roche) of
caspase-3-cleaved cytokeratine 18 or Annexin V-FITC/
Hoechst 33258 (Alexis) staining were used for the assess-
ment and quantification of TRAIL-induced apoptosis
according to the manufacturer’s protocols. M30-FITC or
Annexin V-FITC stained cells were analyzed by flow
cytometry using a LSRII flow cytometer.

Results

Rho and Arf GAP adapter protein ARAP1 lacking exon
30 specifically interacts with the intracellular part
of DR4/TRAIL-R1

Activation of TRAIL-induced apoptosis ultimately depends
on the presence and status of TRAIL’s proapoptotic
receptors (cell surface expression, mutations, competition
of decoy receptors) and on the kinetics and efficacy of
DISC formation/activation (type I vs. type II, activation
inhibitors such as FLIP) [31, 32]. Most of these critical
regulatory events are mediated via protein—protein inter-
actions. In order to search for new proteins that interact
with TRAIL-R1/DR4 and could affect its signaling, we
performed a yeast two-hybrid (Y2H) screening of several
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cDNA expression libraries using the intracellular part of
DR4 (ICP, amino acids 246-445) as a bait. Two fusion
proteins specifically interacting with DR4(ICP) contained a
C-terminal part of ARAPI (centaurin §2), an adapter pro-
tein with multiple domains and Arf and Rho GAP activities
([28] and Fig. 1a). A comparison of the interacting C-ter-
minal part of ARAP1 (ARAPI1-C) with the Genebank
database revealed that this ARAP1 clone does not contain
the very short exon 30 (translated to amino acids 1,319-
1,329) that maps into the fifth pleckstrin homology (PH)
domain (Fig. 1a). Interaction analysis in yeasts uncovered
that the presence of exon 30 in the ARAP1 C-terminus
abolished its interaction with the intracellular part of DR4
(Fig. 1b). Similarly as the C-terminal part of ARAP1 (FL),
the corresponding C-termini of its relatives ARAP2 and
ARAP3 also did not bind to the intracellular part of DR4 in
Y2H (not shown).

The specific interaction of the intracellular part of DR4
with the exon 30-less splice variant of ARAP1 posed the
question of the relevance of ARAP1Aexon30 expression in
human cell lines. We therefore employed quantitative real-
time PCR to analyze cDNAs from several human tumor-
derived cell lines as well as from different primary cells for
the relative expression of ARAP1 and ARAP1Aexon30
using exon-30 flanking primers. The data from this analysis
showed that the Aexon 30-less splice variant is the pre-
dominantly expressed form in a majority of the tested cell
lines, most notably in NCTC, DLD-1 and HEK?293 cells as
well as in primary fibroblasts, colon epithelial and T cells
(Suppl. Fig. 1a). The specificity of the RT-qPCR analysis
of ARAPI splice variant expression was confirmed by
Apal cleavage of the PCR-amplified 3’-end of ARAP1. The
Apal cleavage site resides in exon 30, and only a minor part
of the ARAP1 3’ end amplified from NCTC c¢cDNA was
cleaved by this enzyme, verifying that the major ARAP1
splice variant in NCTC cells does not contain exon 30
(Suppl. Fig. 1b).

ARAPI interacts and co-localizes with DR4 in human
cells

Uncovering ARAP1 as a new DR4-interacting protein with
a potential regulatory function prompted us to examine
their interaction in human cells as well as the possible
functional consequences of this interaction. First of all we
examined whether transiently expressed ARAP1 C-termi-
nus (ARAP1-CAexon30) and ARAPI1Aexon30 (ARAPI
full length lacking exon30) can interact with co-transfected
DR4 or other death (DR5 and DR6) and control (CD43)
receptors in HEK293FT cells. Myc-tagged ARAPI-
CAexon30 co-immunoprecipitated with DR4 and, to lesser
extent, DRS (Fig. 2b, lanes 2 and 8) while it did not
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Fig. 1 ARAPI1 (Aexon30) associates with DR4(ICP) in yeasts. (a)
Schematic illustration of human ARAP1 (ARAPI transcription
variant 3, NM_001040118.1). Full-length ARAP1 (1465 amino acids)
contains the N-terminal sterile o« motif (SAM) domain, Arf GAP and
Rho GAP domains, 5 pleckstrin homology domains (PH), two ankyrin
repeats (ANK) and a Ras-associating domain (RA). The C-terminus
of ARAPI, ARAPI-CAexon30 (exon 30-lacking splice variant), was
pulled out from the human leukocyte cDNA library by yeast two
hybrid screening for DR4(ICP)-interacting proteins. (b) Intracellular

interact with DR6 or CD43 (Fig. 2b, lanes 10 and 12).
Ectopically  expressed full-length ~ARAP1Aexon30
co-immunoprecipitated with DR4 as well, albeit less effi-
ciently than its C-terminal part (Fig. 2b, lane 14).

For mapping the ARAPI-interacting region in the
intracellular part of DR4, we prepared a set of its
deletion mutants (Fig. 2a) and analyzed their interaction
with the C-terminal part of ARAP1. Removal of last 22
amino acids from the DR4 C-terminus (DR4-AC) com-
promised its interaction with ARAP1-CAexon30 (Fig. 2b,
compare lanes 2 and 3). A DR4 deletion mutant lacking
the death domain and C-terminal extension (DR4-ADDC)
failed to interact with ARAP1-CAexon30 indicating a
requirement for the death domain for DR4-ARAPI1
interaction (Fig. 2b, lane 4). In our first set of experi-
ments, we also prepared a DR4 deletion mutant that, in
addition to the membrane proximal part, also contained
the first «-helix and turn region from DR4 DD
(DR4AXDDC). The strong interaction of this DR4 mutant
with ARAP1-CAexon30 suggested that this part of the
DR4 DD could contain the ARAPI interaction motif
(Fig. 2b, lane 6). A comparison of first a-helices in the

part of DR4, DR4(ICP), interacts in yeasts only with the ARAPI-
CAexon30 variant. AH109 yeasts containing pGBKT?7 bait plasmids
were mated with Y187 yeasts transformed with the appropriate
pGADT?7 plasmids. Mated yeasts were grown first on a plate with the
mating medium (SD-WL—every second column), then transferred
onto a plate with the selection medium (SD-WLAH) to test the
interaction (every first column). The mating couple pGBKT7-p53 and
pGADT7-Tag was used as a positive control for mating and
pGBKT7-lamin was used as a negative control

death domains of several human death receptors revealed
that the predicted turn region between the first and
second o-helix (C-terminus of the DR4AXDDC mutant)
contains, in DR4 and DRS, conserved phenylalanine and
aspartate (Suppl. Fig. 2a). Their substitution with the
corresponding amino acids from TNFRI1 (proline and
leucine) in mutant DR4-FD/PL led to the severe sup-
pression of ARAPI1-CAexon30 co-immunoprecipitation
with DR4 (Fig. 2b, lane 7).

In comparison with ARAP1-CAexon30, the interaction
of full length ARAP1Aexon30 with DR4 was relatively
weak. Thus, it was not very surprising that we were unable
to co-immunoprecipitate the endogenous proteins from the
whole cell lysates of several analyzed human cell lines (not
shown). Only upon TRAIL treatment of NCTC cells did we
observe the co-immunoprecipitation of the apparently
processed form of ARAP1 with endogenous DR4 (Fig. 2c).
The appearance of the ARAPI processed form and its
co-immunoprecipitation with DR4 was dependent on cas-
pase activity (Suppl. Fig. 2b). Thus, it is likely that the
interaction of the full-length (transfected or endogenous)
proteins with one another is either weak or transient and

@ Springer



428

Apoptosis (2008) 13:423-436

Fig. 2 ARAPI interacts with
DR4 in human cells. (a)
Graphical representation of
DR4 mutants (SP, Signal
Peptide; CRD, Cysteine Rich
Domain; TM, transmembrane
domain; MP, membrane
proximal region; DD, Death
Domain; C, C terminus). (b)
HEK293FT were transfected
with pPKMycARAP1-CAexon30
either alone (lanes 1, 9, 11, 13)
or together with the expression
plasmids for DR4FL and
mutants (A-F)—lanes 2-7, DR5
(lane 8), DR6 (lane 10), CD43
(lane 12); or with plasmid
expressing ARAP1Aexon30
alone (lane 15) or together with
DRA4FL (lane 14). Twenty-four
hours after transfection, the
cells were lysed and the lysates
were immunoprecipitated with
the corresponding antibodies
(anti-DR4, -DRS5, -DR6 or -
CD43) coupled to CNBr
Sepharose. Immunoprecipitated
complexes and the cell lysates
were analyzed by Western
blotting with the corresponding
antibodies (WB, blotting
antibody; IP,
immunoprecipitating antibody).
(¢) NCTC cells were treated
with TRAIL (200 ng/ml) and at
the time points indicated in the
figure harvested and lysed; DR4
complexes were
immunoprecipitated with anti-
DR4 Sepharose. Western blots
of the immunoprecipitates and
cell lysates were stained with
anti-DR4, anti-ARAP1 or anti-
a-tubulin (loading control).
Arrows depict the position of
ARAPI (filled) or its processed
form (empty)

could be stabilized by removing the inhibitory/destabiliz-

ing sequences.

An obvious requirement for the interaction of two
proteins (or protein complexes) is their proximity within
the cellular compartments. We co-transfected ARA-
Pl1Aexon30 together with DR4 into NCTC cells and
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analyzed their relative localization in untreated and
TRAIL-treated cells (Fig. 3). In untreated cells transfected
DR4 was localized at the membrane and in the ER/Golgi
compartment surrounding the nuclei. ARAP1 was posi-
tioned in the ER/Golgi compartment in agreement with
previously published data, but a significant fraction of
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ARAPI1 was also localized at the cellular membrane. At
both sites ARAPI apparently co-localized with DR4
(Fig 3a, 0, arrowheads). Upon TRAIL treatment, both
ARAP1 and DR4 changed their original positions and
subsequently co-localized in early endosomes as detected
with anti-Rab5 antibody (Fig. 3a, b, ¢, 60', arrows).

Overexpression of ARAP1 led to enhanced
phosphatidyl serine exposure but not to the acceleration
of TRAIL-induced apoptosis in DR4-positive HEL
cells

ARAP1 via its association with DR4 could affect either
DR4-induced signaling or localization. Initially, we

A DR4 ARAP1

merge

30’

60’

B Rab5 DR4

' . .
) . .
N .

Fig. 3 ARAPI co-localizes with DR4 at the cell membrane and in
early endosomes. (a) NCTC cells grown in 24-well plates on
coverslips were transfected with pKMyc-ARAP1Aexon30 and pCR-
DRA4FL. Twenty-four hours after transfection, the cells were treated
with TRAIL (200 ng/ml) for 0, 30 or 60 min and fixed with methanol.
Fixed cells were stained with rabbit polyclonal anti-DR4 (red) and
mouse monoclonal anti-ARAP1 (green) antibodies and with appro-
priate secondary antibodies Alexa-594 anti-rabbit IgG and Alexa488
anti-mouse IgG. Arrowheads indicate ARAP1-DR4 co-localization at
the plasma and intracellular membranes, while arrows show the

examined the effect of transient ARAP1 overexpression on
DR4 membrane localization and TRAIL-induced apoptosis
in HEK293FT cells. Neither DR4 surface expression nor
TRAIL-induced apoptosis was significantly affected by
overexpressed ARAP1 (not shown). However, HEK293FT
cells express both TRAIL receptors DR4 and DRS, and
thus an analysis of ARAP1’s effect on DR4-induced sig-
naling is affected by concurrent DRS signaling.

We analyzed the cell surface expression of TRAIL
receptors in a panel of human cell lines and discovered
that the human erythroleukemia cell line HEL uniquely
expresses only DR4 (Fig. 4a). We stably transfected HEL
cells (which express low levels of ARAP1) either with
ARAPI1Aexon30 expression plasmid or with the empty
vector. In selected mock transfected (2E, 3E) and

Rab5 ARAP1

merge

co-localization of ARAP1 with DR4 in early endosomes after 60 min
of TRAIL treatment. (b) and (¢) NCTC cells were transfected either
with pCR-DR4FL alone (b) or with pKMyc-ARAP1 Aexon30 alone
(¢), treated and fixed as above. The fixed cells were stained either with
mouse monoclonal DR4 (b) or ARAPI (c¢) antibodies in combination
with rabbit polyclonal Rab5A antibody and with secondary antibodies
Alexa488 anti-mouse IgG and Alexa594 anti-rabbit IgG. Arrows
indicate the co-localization of either DR4 (green) with Rab5 (red) (b)
or ARAPI (green) with Rab5 (red) (c) in early endosomes
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Fig. 4 ARAPI enhances A

DR4 DR5

phosphatidyl serine exposure
during TRAIL-induced °
apoptosis of HEL cells. (a) HEL
cells were stained with anti-

DcR1

TRAIL receptor antibodies, and

the cell surface expression of

TRAIL receptors was analyzed B
by flow cytometry. (b) HEL 2E  3E
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(2E, 3E) and three HEL clones
expressing ARAP1 (45A, 46A,
48A) were analyzed by Western
blotting using mouse D
monoclonal anti-ARAP1

DRA4 cell surface expression (MFI)

°

Parental Mock ARAP1

45A

antibody and anti-a-tubulin
antibody as a loading control.
HEL cells express a low level of
endogenous ARAP1 (weak band
in lines 2E and 3E). (¢) Cell
surface expression of DR4 in

parental HEL cells, mock-
transfected (mock) and ARAP1
clones. The average mean and
standard deviation of DR4 cell
surface expression represented
as MFI of 4 independent

Hoechst 33258

analyses of parental HEL cells

and 4 mock- and 5 ARAPI1-
transfected HEL clones are
shown. (d) Selected clones were
treated with TRAIL (200 ng/ml)
for 4 or 8 h. After the treatment

the cells were washed with PBS,
stained with FITC-conjugated

Annexin V and Hoechst 33258
and analyzed by flow cytometry.
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ARAP1 expressing HEL
(Fig. 4b),

clones (45A, 46A, 48A)
we analyzed the effect of ARAP1 expression
on DR4 cell surface expression and TRAIL-induced
apoptosis. Overexpressed ARAP1 did not significantly
affect the cell surface expression of DR4 in selected HEL
clones (Fig. 4b). An initial comparison of TRAIL-induced
apoptosis between mock-transfected and ARAP1-express-
ing cells revealed that phosphatidyl serine exposure
detected by Annexin V-FITC is significantly enhanced in
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ARAP1-expressing HEL clones (Fig. 4c). This observation
suggested that ARAP1 overexpression could accelerate
TRAIL-induced apoptosis. Nonetheless, biochemical
analysis did not confirm these indications, and TRAIL-
induced caspase-8 activation or PARP cleavage were
comparable in mock-transfected and ARAP1 expressing
cells (Fig. 4d). Thus, ARAP1 apparently affected only
some cytoplasmic membrane-related and apoptosis-con-
nected changes, such as phosphatidyl serine (PS) exposure,
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without having a significant impact on downstream apop-
totic signaling.

ARAPI1 participates in the regulation of DR4
localization at the cytoplasmic membrane

From confocal microscopy showing ARAP1-DR4
co-localization at the plasma membrane (Fig. 3) and an
apparent role for ARAP1 in enhancing PS exposure at the
cell membrane (Fig. 4c), we hypothesized that ARAP1
could influence membrane-related events in DR4 signaling.
As ARAP1 overexpression did not significantly affect
TRAIL-induced apoptosis or DR4 plasma membrane
expression, we undertook an opposite approach. Using
siRNA we downregulated ARAP1 expression in a panel of
human cell lines (Fig. 5a). ARAP1 knockdown in these
cells did not affect total DR4 mRNA (not shown)
and protein levels (Fig. 5a) but, in some of them (NCTC,
Saos-2 and MG-63), did significantly suppress DR4 and, to
a lesser extent, DR5 cell surface expression. The cell sur-
face localization of other death receptors (TNFR1 or DR6)
or CD29/f1lintegrin was not affected (Fig. 5b). Interest-
ingly, ARAP1 knockdown in colon cancer-derived
HCT116 or DLDI1 cells did not reduce DR4 plasma
membrane localization at all (Fig. 5b and not shown).
ARAP1 siRNA-mediated cell surface downregulation of
DR4 in tested cells was statistically significant (Fig. 5c and
Suppl. Fig. 3) and was reproducibly observed with two
independent ARAP1 siRNAs (Fig. 5d).

Downregulation of ARAP1 by siRNA decelerates
TRAIL-induced apoptosis

Next, we asked whether and how ARAP1 siRNA-mediated
downregulation of DR4 from the cell surface would affect
TRAIL-induced apoptosis in these cells. NCTC (Fig. 6a)
and MG-63 (Suppl. Fig. 4) cells transfected either with
ARAPI or with control (luciferase) siRNAs were treated
with TRAIL. The kinetics of TRAIL-induced apoptosis was
analyzed by M30-FITC staining (caspase-3-mediated
cleavage of cytokeratin 18). In contrast to the control cells,
the activation of caspases in NCTC cells with downregu-
lated ARAP1 was significantly attenuated—45 min after
adding TRAIL, only 24.5% of siARAP1-treated cells were
M30-positive, compare to 55.6% of siLuciferase-treated
cells (Fig. 5a, 45’). Two hours after the treatment, both
ARAP1 and luciferase siRNA-transfected cells displayed
comparable M30 staining (not shown). MG-63 cells also
behaved similarly, though with less pronounced differ-
ences between control and ARAP1 siRNA transfected
cells (Suppl. Fig. 4). To exclude the possibility of an

off-target effect influencing the kinetics of apoptosis in
ARAP1 siRNA-treated cells, we blocked DR4 signaling
in NCTC and MG-63 cells with DR4-blocking mAb and
examined the effect on the kinetics of TRAIL-induced
apoptosis. In comparison with the control block of DR6,
in both cell lines the blocking of DR4 signaling slowed
down the kinetics of TRAIL-induced cell death to a
similar extent as did ARAP1 siRNA (Fig. 6a and Suppl.
Fig. 4).

In addition to the quantification of TRAIL-mediated
apoptosis, we also analyzed the activation of TRAIL-
induced signaling in NCTC cells by Western blotting
(Fig. 5b). NCTC cells with downregulated ARAPI
(siARAPI, lanes 7-12) did not change their total level of
DR4 (compare the DR4 signal in siLuciferase with
siARAPI1), but they showed a marked diminution of
caspase-8 processing and Bid or PARP cleavage.

In conclusion, our data show that in some cells, ARAP1
could participate in the regulation of DR4 cell surface
localization and thus could affect the kinetics and efficacy
of TRAIL-induced apoptosis via this receptor.

Discussion

The foremost requirements for the initial steps of TRAIL-
induced apoptosis are the cell surface availability of its
proapoptototic receptors TRAIL-R1/DR4 and TRAIL-R2/
DRS5 and productive DISC formation. In addition to DISC-
associated proteins, such as procaspases-8/-10, FADD and
FLIPs, several other proteins have been reported to
interact with the intracellular parts of DR4/DRS5 and affect
TRAIL-induced signaling. RIP1 co-immunoprecipitates
with DR4 and is likely involved in the TRAIL-induced
activation of Jun kinases and necrotic cell death [33, 34].
Different splice variants of IG20 interact with the intra-
cellular parts of TRAIL receptors and either enhance or
suppress TRAIL apoptotic signaling [35, 36]. Our effort to
uncover novel DR4-interacting proteins that could regulate
or participate in DR4-dependent signaling resulted in the
discovery of the Arf and Rho GAP protein ARAPI.
ARAP1 specifically interacts with the intracellular part
(ICP) of DR4 both in yeast and in human cells. In contrast
to the published sequence of ARAP1, we have found that
the C-terminal, a DR4-interacting region comprising part
of RA and the last PH domain, contains an alternative
exon 30 within the fifth PH domain. At least in yeast,
DR4(ICP) interacts only with this exonless variant of
ARAPI1. As we have shown in Suppl. Fig. 1, this ARAP1
(Aexon 30) is preferentially expressed in the majority of
the tested human cell lines and primary cells. Exon 30
codes for 11 amino acids and is localized at the C-ter-
minus of the 3-phosphoinositide binding motif [28], and
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Fig. 5 ARAP1 knockdown
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thus its absence does not have to compromise the binding
of phosphatidylinositols to the PH5 domain.

DR4 apparently interacts with ARAP1 through the
N-terminal part of its death domain. The death domain of
TRAIL receptors is essential for FADD-mediated DISC
formation, and it also mediates interaction with RIP [33].
As ARAPI1 was not detected at early time points in DR4
immunoprecipitate (Fig. 2c and Suppl. Fig. 2), it seems to
be unlikely that it could affect DISC assembly or caspase-8
activation. Though obviously weak and transient, ARAP1
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interaction with DR4 and, to a lesser extent, DRS is likely to
be specific for these two death receptors as the apparent
interaction motif in the first DR4 «-helix/turn region is
conserved only between DR4 and DRS5 (Fig. 2b and Suppl.
Fig. 2a). This first DR4 a-helix also contains FxDxF motif,
which is apparently recognized by o-ear and PHEar
domains from clathrin endocytosis accessory proteins AP-2
and Necap, respectively [37, 38]. As this motif overlaps
with or is in the proximity of ARAP1-interacting region, it
seems to be plausible that ARAP1 could also participate in
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regulation of the spontaneous or activated clathrin-depen-
dent endocytosis of DR4. Removal of the C-terminus of
DR4 or DR5 (the last 16 or 13 amino acids, respectively)
compromised FADD binding to the truncated receptors and
suppressed TRAIL-induced apoptosis [39]. This C-terminal
truncation apparently affected the structure or orientation of
their death domains and also negatively influenced the
interaction between DR4 and ARAP1-C (Fig. 2b). In con-
trast to the published ARAP1 localization in Golgi [28], we
detected both transfected and endogenous ARAPI at the
cell membrane where it co-localized with DR4 (Fig. 3a) or
co-fractionated in light membrane fractions (Suppl. Fig. 5).
DR4 and ARAP1 were also associated within the ER/Golgi
compartment, but neither ARAP1 nor DR4 were present in
Golgi membrane-containing fractions in a sucrose gradient
(Suppl. Fig. 5). Miura et al. published incomplete ARAP1
cDNA lacking the N-terminal SAM domain, and thus this
clear discrepancy in ARAPI cellular localization is likely to
be attributed to this missing SAM domain. Moreover, the
PH domains of ARAPI1 and its relative ARAP3 preferen-
tially interact with plasma membrane bound PtIns(3,4,5)P;
or PtIns(3,4)P, and not with Golgi-associated PtIns phos-
phates [28, 40]. Thus, it seems likely that transient
interaction between DR4 and ARAPI1 takes place at the
plasma membrane or on the way to the plasma membrane
and could affect DR4 localization and/or function.

Transient ARAP1Aexon30 overexpression did not affect
either DR4 cell surface expression or TRAIL-induced
apoptosis in HEK293FT or HeLa cells. Indeed, analysis of
HEL (which express only DR4) clones producing ARA-
P1Aexon30 confirmed these data (no significant changes in
DR4 expression or in the kinetics of TRAIL-induced
apoptosis) with one notable exception. Cells with overex-
pressed ARAPI1 significantly more efficiently presented
phosphatidyl serine (PS) at their cell surface upon activation
of TRAIL-induced apoptosis (Fig. 4). This phenomenon
was not accompanied by their increased apoptosis and thus
could be related either to ARAP1-mediated enhancement of
scramblase or to more efficient suppression of floppase
activities. Enhanced PS externalization also occurs inde-
pendently of apoptosis and could be induced by the
aggregation of GPI-anchored proteins or by low levels of
tyrosine phosphatase CD45RB in T lymphocytes [41, 42].
ARAP1 overexpression in HeLa cells induced the formation
of actin-containing peripheral blebs [28]. The ARAPI rel-
atives ARAP2/3 bear a high affinity for Arf6 and RhoA and
participate in the regulation of focal adhesion and cell
spreading [43-45]. Thus, overexpressed ARAP1 can
somehow disturb plasma membrane homeostasis and
modulate the activities of aminophospholipid-distributing
enzymes.

In contrast to cells with overexpressed ARAPI, its
siRNA-mediated down-regulation led in several cell lines

to the decreased cell surface expression of DR4 as well as
to a markedly slower initial phase of TRAIL-induced
apoptosis (Figs. 5 and 6). The cell surface localization of
non-interacting death receptors (DR6) or other receptors
(Pl-integrin, HLA-1) was almost or entirely unaffected.
Though it was reported that DR4 and other death receptors
reside primarily in the trans-Golgi network (TGN) [19], in
NCTC cells either overexpressed or endogenous DR4 was
predominantly localized in the endoplasmic reticulum and
at the plasma membrane (Fig. 3, Suppl. Fig. 5 and not
shown). Hence, ARAP1 down-regulation could disturb
DR4 trafficking from the intracellular stores to the plasma
membrane. We reproducibly observed a correlation
between the loss of DR4 plasma membrane localization
and its increased accumulation in the ER/Golgi-containing
pellet in cells with downregulated ARAP1 (Suppl. Fig. 5).
In addition to its Arfl and RhoA GAP activities, ARAP1
can function as a vesicle coat protein and directly interact
with and regulate the trafficking of cargo proteins such as
DR4. This was proven for its relative from the AZAP
family, ASAPI1, which is directly involved together with
ARAP3 in the trafficking of the EGF receptor [23, 46]. The
other members of this family, AGAP1 and AGAP2, asso-
ciate with coat-protein complexes AP-3 and AP-1,
respectively, and specifically regulate the recycling of the
transferrin receptor [47]. Therefore, direct interaction
between ARAP1 and DR4 could play a role in establishing
and/or stabilizing DR4-containing transport vesicles. Sev-
eral other reports also point to the specific regulation of
DR4 trafficking in normal and transformed cells. A failure
in the transport of DR4 to the plasma membrane was
behind the acquired resistance of SW480 colon adenocar-
cinoma cells to TRAIL-induced apoptosis [48]. SiRNA-
mediated knockdown of a 72 kDa subunit of the SRP
(signal recognition particle) complex suppressed the
plasma membrane localization of DR4 but not its total
cellular level. No other tested death receptors (DRSS,
TNFR1 or CD95) were affected by this silencing [49]. Why
this trafficking regulation is specific only for DR4 remains
to be answered.

The availability of other death receptors such as Fas/
CD95 is also regulated at the TGN-plasma membrane
trafficking step. p53 activation can transiently increase Fas
transport from the Golgi complex to the cytoplasmic
membrane [20], and Fas-interacting proteins FAP-1 and
dynamin-2 could play an opposite role in this process [50].
In contrast to FAP-1, dynamin-2 enhances Fas transport
from the TGN to the cell surface. The regulation of death
receptor activities through their mobilization to the cell
surface from the TGN appears to be a very effective way to
respond rapidly to sudden changes in the environment or
within the cell. Bile salts induce rapid Fas-mediated
apoptosis of hepatocytes through the enhancement of Fas
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Fig. 6 Downregulation of
ARAPI1 decelerates TRAIL-
induced apoptosis of NCTC
cells. NCTC cells were grown in
24-well plates and transfected
either with luciferase or with
ARAPI siRNA. Fifty-two hours
post-transfection, some of the
siLuc transfected cells were pre-
incubated with blocking anti-
DR4 or anti-DR6 monoclonal
antibodies (at a final conc. of
10 pg/ml for 1 h), then the cells
were treated with TRAIL

(200 ng/ml) for 0, 30, 45, 60,
75, or 90 min, harvested and
washed with ice-cold PBS. (a)
Cells were fixed with ice-cold
methanol, stained with FITC-
conjugated anti-M30 antibody
according to the manufacturer’s
instructions and analyzed by
flow cytometry. The abscissa
above the histograms with the
indicated percentage represents
the percentage of M30-positive,
apoptotic cells. (b) Total cell
lysates of luciferase or ARAP1
siRNA-treated NCTC cells
taken at the indicated time
points were analyzed by
Western blotting using the
corresponding antibodies
(o-tubulin antibody was used as
a loading control)
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translocation from the Golgi to the cell membrane [51].
Mobilization of the intracellular stores of death receptors
may also represent a self-destruction shortcut during
malignant transformation. For example, malignant and
normal epithelial cancer cells both express similar levels of
DR4, but only transformed PC3 or JCA-1 cells have DR4
present at the cell surface and are sensitive to TRAIL-
induced apoptosis [52].

In addition to possible ARAPI-mediated enhancement
of DR4 transport to the plasma membrane, its co-locali-
zation with DR4 at this membrane suggests that ARAP1
could also affect DR4 plasma membrane stability or its
correct localization. ARAP1 could be an important medi-
ator of Arf or Rho GTPase-regulated trafficking of
proapoptotic TRAIL receptors from the Golgi/trans-Golgi
to the membrane and/or their endocytosis. The precise
mechanism underlying ARAP1-affected DR4/DRS traf-
ficking is currently under investigation.

Conclusions

The Rho and Arf GAP adapter protein ARAP1 specifically
interacts with the membrane proximal part of the death
domain of DR4/TRAIL-R1 in both yeast and human cells.
In contrast to the originally published sequence,
DR4-interacting ARAP1 variant ARAP1Aexon30 lacks the
alternatively spliced exon 30. Transfected ARAPI1
co-precipitates with DR4 and co-localizes with it at the
ER/Golgi and at the plasma membrane. Upon TRAIL
treatment, internalized DR4 is endocytosed and subse-
quently co-localizes with ARAP1 in early endosomes.
Endogenous DR4 and partially processed ARAP1 also
co-immunoprecipitate from the lysate of TRAIL-treated
NCTC cells. siRNA-mediated downregulation of ARAP1
markedly and specifically reduces the cell-surface locali-
zation of DR4 (and partly of DR5) in most of the tested
human cell lines. The downregulation of the surface
expression of DR4 results in slower TRAIL-induced
apoptosis in two tested cell lines, comparable to the rate
obtained by blocking the DR4 receptor with a monoclonal
antibody. The stable overexpression of ARAP1 in HEL
cells does not change the surface expression of DR4, but
leads to more rapid exposure of phosphatidyl serine on the
cell surface during TRAIL-induced apoptosis. ARAP1
could be an important regulator of DR4 trafficking from the
ER/Golgi to the cellular membrane.
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Abstract

Documented sensitivity of melanoma cells to PLX4720, a selective BRAFV600E inhibitor, is based on the presence of mutant
BRAF°°t alone, while wt-BRAF or mutated KRAS result in cell proliferation. In colon cancer appearance of oncogenic
alterations is complex , since BRAF, like KRAS mutations, tend to co-exist with those in PIK3CA and mutated PI3K has been
shown to interfere with the successful application of MEK inhibitors. When PLX4720 was used to treat colon tumours, results
were not encouraging and herein we attempt to understand the cause of this recorded resistance and discover rational
theraeeutic combinations to resensitize oncogene driven tumours to apoptosis. Treatment of two genetically different
BRAFY®°°E mutant colon cancer cell lines with PLX4720 conferred complete resistance to cell death. Even though p-MAPK/
ERK kinase (MEK) suppression was achieved, TRAIL, an apoptosis inducing agent, was used synergistically in order to achieve
cell death by apoptosis in RKOBFAFVEOOEPIKSCAR1047 a5 |n contrast, for the same level of apoptosis in HT29BRAFVE00E/PIKSCAP449T
cells, TRAIL was combined with 17-AAG, an Hsp90 inhibitor. For cells where PLX4720 was completely ineffective, 17-AAG
was alternatively used to target mutant BRAF'®°E, TRAIL dependence on the constitutive activation of BRAF'®%%F js
emphasised through the overexpression of BRAF'°°°€ in the permissive genetic background of colon adenocarcinoma Caco-
2 cells. Pharmacological suppression of the PI3K pathway further enhances the synergistic effect between TRAIL and
PLX4720 in RKO cells, indicating the presence of PIK3CAM as the inhibitory factor. Another rational combination includes
17-AAG synergism with TRAIL in a BRAFY°°°F mutant dependent manner to commit cells to apoptosis, through DR5 and the
amplification of the apoptotic pathway. We have successfully utilised combinations of two chemically unrelated BRAFY6°°F
inhibitors in combination with TRAIL in a BRAF'®°*® mutated background and provided insight for new anti-cancer
strategies where the activated PI3KCA mutation oncogene should be suppressed.
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Introduction include both apoptotic forms of cell death, as well as non-apoptotic

mechanisms such as autophagy, necrosis and mitotic catastrophe

For a long time it has been appreciated that presence of KRAS
mutations highly correlates with colorectal cancer (CRC) progres-
sion and decreased patient survival. In addition, the more recently
identified BRAF mutations in CRC, do not co-exist with those in
KRAS and display a more potent transforming activity to be
associated with progression to metastasis [1,2]. Notable among the
apoptosis-inducing  stresses are signalling imbalances resulting
from elevated levels of oncogene signalling, as mentioned earlier,
and DNA damage associated with hyper-proliferation. In contrast
to KRAS mutations, those in BRAF have the ability to cause
genomic rearrangements in colon cells that can potentially
sensitize them to apoptosis a major advantage in cancer
therapeutics, since deregulation of apoptosis can lead to growth
advantage in cancer cells. Yet other research has revealed how
apoptosis is attenuated in those tumours that succeed in
progressing to states of high-grade malignancy and resistance to
therapy [3,4]. The goal of most anti-tumour therapies, including
chemotherapy, radiation or newer targeted therapies is to
ultimately induce the death of tumour cells. Different chemother-
apies induce death of tumour cells by different mechanisms. These

@ PLoS ONE | www.plosone.org

[5]. However, the fraction of tumour cells that undergo non-
apoptotic death are significantly increased if apoptosis-related
mechanisms are inhibited [6]. Constitutive activation of MAPK
has been found in many different tumor cell lines and primary
tumors including colon cancer cells and tissues [7-9]. High
expression and constitutive activation of PI3K is also found in
gastric cancer and CRC [10]. Prominent among cell surface
molecules capable of initiating and tightly controlling apoptosis in
cancer cells is TRAIL, rendering it a promising anti-cancer agent
[11,12].

TRAIL induces apoptosis via interacting with its death
receptors (DRs), DR4 and DR5, which in turn results in death-
inducing signalling complex (DISC) formation and caspase-8
processing [13]. Caspase-8 activation can then result in caspase-3
activation through the mitochondrial-independent pathway, and/
or through the activation of Bid, a pro-apoptotic BH3-only Bcl-2
family member, which when cleaved induces the mitochondrial
release of apoptogenic factors such as Bax and Bak through the
mitochondrial-dependent pathway [14]. Despite the fact that
during colorectal carcinogenesis a marked increase in sensitivity to
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TRAIL has been reported, cells like HT29 and RKO remain
partially resistant to TRAIL-induced apoptosis [15].

The MAPKSs that are activated by phosphorylation may also act
as important modulators of various apoptosis-inducing signals,
while the protective effect of extracellular signal-related kinase 1/2
(ERK1/2) on DR-induced apoptosis has been described [16,17].
Deregulation of this pathway by RAS and more recently BRAF
oncoproteins induce constitutive ERK1/2 activation, thereby
promoting cell growth and survival. Manipulation of the MAPK
signalling pathway could be a powerful means of treatment for
tumours with BRAF mutations especially those resistant to
TRAIL.  Difluorophenyl-sulfonamine  (PLX4720) targeting
BRAFY® cancer cell proliferation has recently been described
as potent and selective among the many tested clinically [18].
However application and dosage of this inhibitor should be
scrutinised since in can bind wild-type BRAF in KRAS mutant
cells and activate the MAPK pathway through CRAF The
mechanism of RAF regulation presents another strategy for its
inhibition [19-21].

The protein chaperone Hsp90 is required for the conforma-
tional maturation of several key signalling proteins, including
PI3K, p-Protein Kinase B (pAKT), NF-kB, CRAF and more
recently BRAFYOF [22, 93], Inhibition of Hsp90 function with a
geldanamycin derivative, 17-allylamino-17-demethoxygeldanamy-
cin (17-AAG), has been shown to effectively inhibit Hsp90
function of malignant cells i viwo due to its great affinity for the
activated polymerized form of the molecular chaperone at
tolerable doses [24]. Although CRAF and ARAF are degraded
in cells that are exposed to 17-AAG, wild-type BRAF is not found
in an Hsp90 complex, while BRAFV®"F degradation leads to
MAPK inhibition, cell-cycle arrest, and apoptosis with concom-
itant antitumour activity @ vivo [22].

Here we compare the selective BRAFY®F inhibitor PLX4720
with the Hsp90 inhibitor 17-AAG, in colon cancer cells. Recorded
resistance to PLX4720 is attributed to the activating PIK3CA
mutations that coexist with BRAFY**°F, Treatment with 17-AAG
is more responsive, potentially due to the multiple oncogenic
proteins that are Hsp90 clients. Cell death by apoptosis at these
conditions is significantly facilitated when TRAIL is concomitantly
administered, as compared to the innate sensitivity to TRAIL in
colon cancer cells bearing a single BRAFY**F mutation.

Materials and Methods

Growth Inhibition Studies and Cytoxicity Assays

The Caco-2, Colo205, HT29, RKO, DLD-1 and SW620
human colon adenoma-carcinoma cell lines were obtained from
ATCC. The Caco-BR clones constitutively expressing active
BRAFY®F proteins and the Caco-NEO9-empty vector clones
have been previously described [1,25]. For growth inhibition and
cytoxicity studies we used the sulforhodamine B (SRB) assay.
Methodology is listed in supplementary materials and methods
(File S1). For assessment and quantification of TRAIL-induced
apoptosis, the ELISA cell death kit by Roche (Indianapolis, IN)
was alternatively used according to the manufacturer’s protocol
that is highly sensitive and detects apoptotic nucleosomes in cell
lysates.

For blocking experiments cells were pre-incubated for 15
minutes with 2 pg/ml of the respective blocking antibody against
DR4 and DR and then stimulated with TRAIL with and without
pretreatment with 17-AAG. Photographs were taken using a
Nikon Eclipse T-200 (Tokyo, Japan) inverted phase-contrast
microscope equipped with an Olympus digital camera (Olympus
SP-510U2, Hamburg, Germany).
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Three-Dimensional Culture

For three-dimensional culture experiments, cells were grown in
24-well plates on 20% Matrigel that was allowed to set for 15
minutes at 37°Ci in order to form a gel of 1 mm thickness. The
bottom later was then covered with 2x10* cells mixed 1:1 with 4%
Matrigel in a total volume of 600 pl. Growth medium containing
2% matrigel was replaced every 2 days and the cells were left to
grow for 12-14 days to allow development of extensive tubule
network, after which treatment were applied for indicated
incubation times. Photographs of the three-dimensional cultures
were taken using a Nikon Eclipse T-200 inverted phase-contrast
microscope equipped with an Olympus digital camera. The nuclei
were stained with Hoechst No. 33342.

Immunoblotting and Immunoprecipitation

Whole cell lysates were prepared with Nonidet P-40 (NP-40)
buffer containing protease inhibitors and were subject to Western
blot analysis or immunoprecipitation studies. Methodology and
antibody information is listed in supplementary materials and
methods (File S1). For immunoprecipitation of the NP-40
insoluble fractions, pellets were resuspended in NP-40 lysis buffer
and sonicated three times for 10 sec at 4°C using an MSE
Soniprep150 to give the insoluble fraction.

Suppression of BRAFY5°°F and PIK3CA"'%% expression by
RNA interference

The small inhibitory duplex shRNA oligo was cloned into the
Hindlll and Bglll sites in pSUPER (Oligoengine, Seattle, WA).
The sense strand of the sSsIRNA pSUPER BRAFY®*" insert was
BRAFmutshRNA: gatccccGCTACAGAGAAATCTCGATttcaa-
2agaATCGAG-ATTTCTCTGTAGCtttttggaaa (Hingorani et al.,
2003). BRAFmutshRNA or vector control (pSUPER) plasmids or
siRNA- PIK3CA™* (Darmacon) were transiently expressed into
cells using lipofectamin (Sigma).

DISC Analysis

The ligand affinity precipitation was done using biotin-
conjugated TRAIL (Bio-TRAIL) in combination with streptavi-
din-agarose beads. Methodology and antibody information is
listed in supplementary materials and methods (File S1). Ligand
affinity precipitates were washed 5 times with lysis buffer and the
protein complexes were eluted from the beads by the addition of
30 ul SDS sample buffer and heating at 95°C for 15 minutes.
Proteins were separated in SDS-PAGE and immunoblotted.

Immunofluorescence Microscopy

Immunostaining methodology is listed in supplementary
materials and methods (File S1). Briefly, cells were incubated with
indicated primary antibodies for 2 hours at room temperature,
while the secondary antibody was applied to the cells for 1 hour
also at room temperature. The nuclei were stained with Hoechst
and visualized with a Leica TCS SPE confocal laser scanning
microscope (Leica Lasertechnik, Heidelberg, Germany).

Flow cytometry and apoptosis assays

For immunostaining, cells were incubated with 50 pug/ml anti-DR4
or anti-DR5 on ice for 30 minutes. Surface expression of the receptors
on living cells (Hoechst negative) was analyzed using a LSRII flow
cytometer (BD Biosciences). M30 Cytodeath assay of caspase-3-
cleaved cytokeratine 18 or Annexin V-FITC/ Hoechst staining were
used for the assessment and quantification of TRAIL-induced
apoptosis according to the manufacturer’s protocols. Methodology is
listed in supplementary materials and methods (File S1).
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Semiquantitative RT-PCR analysis

Total RNA was extracted using TRIzol reagent (Invitrogen,
Karlsruhe, Germany). The extracted total RNA (3 pg) was reverse
transcribed into ¢cDNA using the SuperScriptt II Reverse
Transcriptase (Invitrogen) according to the manufacture. RT—
PCR amplification was performed as previously described and
intensity values were measured using Molecular Dynamics
ImageQuant Software. All PCR products were normalized to
GAPDH expression [26].

Results

A small therapeutic window for PLX4720 efficacy in BRAF
mutant cells

To identify molecular modifiers in currently resistant cells that
influence the sensitivity of BRAF mutant cells to TRAIL induced
apoptosis, we recorded a panel of colon cancer cell lines to
determine their response to the BRAF inhibitor PLLX4720, which
targets the mutated V60OE form of BRAF. Given the frequent co-
occurrence of KRAS/ BRAF and PI3K pathway lesions, two of
the selected cell lines harbored both BRAF and PI3K pathway
mutations. In response to PLLX4720 no concentration dependence
was observed for any of the cell lines tested and only a small
inhibitory effect was achieved upon treatment with the highest
concentration in HT29 and RKO cells (Figure 1A). Treatment
with PLX4720 managed to inhibit the phosphorylation of BRAF
kinase to a degree as compared to the increased pCRAF levels
only in the BRAFY*®" mutant cell lines (Colo205, RKO and
HT29). Further downstream the MAPK pathway, the inhibitory
effect was more pronounced with a sustained inhibition mainly on
pMEK and pERK levels in cell lines harboring BRAF and PI3K
pathway mutations. Sustained inhibitory effect on the MAPK
pathway had an immediate effect on cyclin D1 target gene, all be it
in a much shorter (1-4 hours) incubation period (Figure 1B,
Figure S1). The inhibitory effect of PLX4720 on MEK pathway in
shorter rather than longer incubation periods indicates a
potentially small therapeutic window for treatment efficacy. As
expected, cell lines that are wild-type for BRAF (Caco-2) or KRAS
mutant (DLD-1) increased their proliferation rate by about 20% as
compared to control untreated cell following treatment with
PLX4720, independently of their doubling, that was also described
by the increase of pMEK and pERK levels in these cells
(Figure 1A-B).

FMT and activated

Potent inhibition of cell growth in BRA
BRAFWT cells using 17-AAG

Attenuation of the MAPK pathway through mutant BRAF
inactivation by 17-AAG, which inhibits Hsp90 function, could
underline reversal of observed TRAIL resistance. The same panel
of colon cancer cell lines was monitored for their response to 17-
AAG inhibitor. Significant cytotoxicity was observed in one BRAF
mutant cell line (HT29), while considerable was the extent of cell
toxicity in Colo205, RKO and SW620, cell lines with distinct
genetic background. Nevertheless, sensitivity seemed to correlate
to pATK levels rather than the PISK mutation itself (Figure 2A,
1B). Regardless the co-occurrence of BRAF and PISK pathway
mutations in RKO and HT29 cells, basal pAKT levels were
significantly increased only in the RKO cells indicating a
diminished activating potential for the PIK3CA mutation
(P449T) present in HT29 cells. Notably, sensitivity to 17-AAG
was observed only in cell lines with moderate pAKT levels (HT29,
DLD-1, Colo205 and SW620) (Figure 2A, 1B). Degradation of
mutant BRAF in HT29 cells but also wild-type BRAF in DLD-1
cells, activated by co-expression with mutant KRAS, account for
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the inhibitory effect observed in cell growth (Figure 2B). To
determine whether BRAFY®®" is an Hsp90 client protein, we
tested its sensitivity using as a control CRAF, a known Hsp90
client. CRAF expression was much more rapidly and efficiently
degraded. As expected, the reduction in CRAF was accompanied
by decreased ERK phosphorylation only in BRAF/ KARS
mutant cells (Figure 2B). By testing whether BRAF and Hsp90
associate with each other, we established that both mutant BRAF
and wild-type BRAF activated by the upstream mutant KRAS, are
Hsp90 client proteins in HT29 and DLD-1 cells respectively. The
kinase-specific Hsp90 co-chaperone p50cdc37 was also found to
co-precipitate  with mutant BRAF (Figure 2C, Figure S2).
Surprisingly, as previously shown by Dias and colleagues, we also
did not observe any binding of CRAF to Hsp90 in any cell line
(data not shown) possibly for reasons previously discussed [27].
Taken together, either mutated or activated BRAF is more
dependent on Hsp90-chaperone for its folding, stability and
oncogenic activity than wild-type inactive protein.

PLX4720 cooperates with TRAIL to commit cells to
apoptosis

In an attempt to render resistant colon cancer cell more
sensitive to RAF inhibitor treatment with PLLX4720, TRAIL was
used as a synergistic agent. Resistance to TRAIL treatment as a
single agent appeared to strongly correlate with the PI3K pathway
mutational status. TRAIL conferred limited cytotoxicity in BRAF
mutant cells harboring activating mutations in PIK3CA whereas,
extensive apoptosis was recorded in cells like Colo205 harboring a
single BRAF mutation, at very small doses (10 ng/ml), comparable
to the sensitive DLD-1 cells (Figure 3A). As expected, highly
metastatic SW620 colon carcinoma cells were completely resistant
to TRAIL as were also the intermediate adenocarcinoma Caco-2
cells. Treatment of cells with PLX4720 followed by co-concom-
itant administration with the lowest dose of TRAIL (10 ng/ml)
induced increased cell death only in cells (RKO) harboring a
BRAF mutation and high pAKT levels. The combination of
PLX4720 with TRAIL was not beneficial to already sensitive to
TRAIL cells, but was additive in cells harboring a BRAF mutation
only (Colo205) (Figure 3B). Notably previously sensitive to TRAIL
DLD-1 cells were rescued during the combined treatment of
TRAIL with PLX4720 suggesting that the presence of wild-type
BRAF may interfere with the apoptotic outcome. Conferred
resistance to the therapeutic combination by wild-type BRAF was
also confirmed in two independent and genetically similar colon
cancer cell lines, DLD-1 and HCT116 (Figure S3), indicating only
wild-type BRAF as the exclusionary factor for colon cancer
treatment with PLX4720.

The combination efficacy of BRAF inhibition and TRAIL
treatment was also applied to a three-dimensional (3D) cell culture
system as an i viro tumor model where a significant apoptotic
effect was recorded. After two weeks of cell growth and tubule
formation within the spheroid structures, PLX4720/ TRAIL
induced caspase-3 activation and nuclear fragmentation was
evident (Figure 3C). This provides further evidence that this
combinatorial treatment can also be efficient i vivo.

Combined inhibition of BRAF and PIK3CA increases TRAIL
induced apoptosis in RKO cells

The antiproliferative effect in response to the combined
treatment involving the mutant BRAF inhibition and the
induction of the apoptotic TRAIL pathway could be related to
the PI3K mutational status. In order to answer this question, the
molecular mechanism underlying this effect, was analyzed.
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Figure 1. Presence of BRAF mutations are not selective for efficient PLX4720 treatment in colon cancer cells. (A) Cell survival for a
panel of colon cancer cell lines treated with the selective for mutant BRAF pharmacologic inhibitor PLX4720. The values are the average of three
independent experiments and are presented as fold change of the absorbance of treated/ untreated cells, for each condition. The number of viable cells
was assayed by SRB 24 hours after treatment. Treatment conditions are provided along the top on each column. *P<<0.05, **P<<0.01 vs Ctr-untreated. (B)
Total cell lysates harvested from cells treated for 4 hours with 1 uM PLX4720 were immunoblotted for the indicated antibodies. Proteins are quantified
against o-tubulin and pERK levels against total ERK using the untreated condition of each cell line as a reference to the treated one.
doi:10.1371/journal.pone.0021632.g001
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Figure 2. Presence of BRAFY®°%, an Hsp90 client protein, confers sensitivity to 17-AAG in colon cancer cells. (A) Cell survival for a
panel of colon cancer cell lines treated with the Hsp90 pharmacologic inhibitor 17-AAG. The values are the average of three independent
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doi:10.1371/journal.pone.0021632.9002
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Depletion of either mutant BRAF or PIK3CA, using PLX4720 or the
PI-103 inhibitor, that block PI3K signaling downstream of p110a, did
not induce any apoptotic response (Figure 4A, lanes 2-3) nor did their
combination (Figure 4A, lane 5). When TRAIL was used alone,
partial apoptosis was recorded (Figure 4A, lane 4). However,
combining the inhibition of mutant BRAF with TRAIL treatment
induced several markers of apoptosis including cleavage of Poly ADP
(Adenosine Diphosphate)-Ribose Polymerase (PARP) and caspases-3
activation (Figure 4A, lane 6). Inhibition of PIK3CA and
concomitant TRAIL treatment did not induce a significant apoptotic

0.54MPI-103
25ng/mi TRAIL -

BRAF, PIK3CA Predict PLX4720/17-AAG/TRAIL Effects

response (Figure 4A, lane 7). A more potent growth-inhibitory effect
was elicited by the combination of the PI3KCA inhibition and the
concomitant treatment with PLX4720 and TRAIL in RKO cells that
resulted in increased apoptotic cell death (Figure 4A, lane 8).
Replacement of the PIK3CA-p110a inhibitor (PI-103) with a siRNA
against the PIK3CA™® mutant in RKO, did not manage to
increase apoptotic cell death any further as compared to PI-103
(Figure 4A, lanes 13-14). BRAF depletion using shRNA against
mutant BRAF instead of PLX4720 likewise proved less efficient in co-
treatment protocols involving TRAIL (Figure S4).

SiRNA - PIK3CAH1047
~

pMEK 45kDab‘-—‘“— “"- ---—--

—10 02 09 08 04 02 09

Qo O S| HE g g3 e D

-2
PAKT 60kDa» - — — — N — —— —
110 PRSI DL 011 10 | A BT IR ) QRN S0 5510 6= 01 ©
Caspase-3 p40KDa» — -_— —
p19KDap - - - - - 65
-—173
PARP p116KDap ———-—- -————-—
p89KDak g T iy
-2
Tubulin 55kDa w— e e —— — — D T — — N N —
—475

RKQBRAFVBO0E / PIK3CAH1047

100nglmi TRAIL

pMEK 45kDap W -ﬁ-g-

PAKT 60KDalP o s

A A __B__a __J
pro-Caspase 8 p50/55KDap R T ) -

PARP p116> .—-”--“ - =

p8oM G e —

‘1'.?'1'.5

- — —
1,0 12 05 12 15 1L O

shRNA - BRAFV600E

[ w 1

-— 475

- 52

a—
09 !.’ %00 14

- 62

-_— 46
- 173

16 ? 08 10 02 02

- 83
-62

Tubulin S5KDA I — — ——— —— — — — D G S——

475

HT29BRAFVE00E / PIK3CAPA49T

Figure 4. Inhibition of PIK3CA increases the combination efficacy of TRAIL with PLX4720 in RKO cells. (A) Cells left untreated or treated
with either 1 uM PLX4720 or a PIK3CA pharmacologic inhibitor PI-103 (0.5 uM) for 24 hours. Combined treatment of PLX4720 for 8 hours with
concomitant administration of 25 ng/ml TRAIL for 16 hours was performed along side with TRAIL treatment alone for 16 hours. Combined inhibition
of mutant PI3K and BRAF using 0.5 uM PI-103 and 1 uM PLX4720 for 8 hours following concomitant administration of 25 ng/ml TRAIL for 16 hours.
Alternative depletion of mutant PIK3CA by transient transfection of 1.6 pmol siRNA against the PIK3CAH1047 present in RKO cells in combination
with all indicated parameters. Total cell lysates harvested from the indicated treatments were analyzed for the phosphorylation of downstream
targets and induction of apoptotic markers. (B) Cells left untreated or treated with either 1 uM PLX4720 or 1 uM PI-103 for 24 hours. Combined
treatment with PLX4720 for 8 hours and concomitant administration of 100 ng/ml TRAIL for 16 hours was performed along side with TRAIL
treatment alone for 16 hours. Combined inhibition of mutant PI3K and BRAF using PI-103 and PLX4720 following concomitant administration of
TRAIL and alternative depletion of mutant BRAF by transient transfection of 7 ug shRNA against the BRAFV600E present in HT29 cells in combination

with all indicated parameters.
doi:10.1371/journal.pone.0021632.9004
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Inhibition of PIK3CA increases TRAIL induced apoptosis
in HT29 cells

When the same experimental approach was applied to HT29
cells, the combination of BRAF inhibition using PLX4720 and
TRAIL treatment was not any more advantageous than TRAIL
alone (Figure 4B, lanes 4 and 6). Depletion of PIK3CA using PI-
103 and concomitant treatment with TRAIL, rendered cells
slightly more prone to apoptosis, evident by increased PARP
cleavage and the decrease in pro-caspase-8 protein expression
(Figure 4B, lane 7). Nevertheless, the combination of the PI3KCA
inhibitor and concomitant treatment with PLX4720 and TRAIL
did not increase apoptotic cell death in HT29 cells that are
genetically similar to the RKO cell line and sensitive to the
combination just described (Figure 4B, lane 7). Even though, the
shRNA against mutant BRAF in RKO cells was not very efficient,
possible because of highly activated BRAF, its application in
HT29 seems to be able to sequester pMEK about 2-fold
(Figure 4B, lane 11) without any obvious impact in amplifying
apoptosis for any of attempted combination treatments.

17-AAG overcomes TRAIL resistance in HT29 cells
through enhanced apoptosis

Pretreatment of colon cancer cells with 17-AAG following
treatment with TRAIL significantly sensitized HT29 to TRAIL
and had a more mild effect on DLD-1 cells. As previously, the
combination of 17-AAG with TRAIL was not beneficial to cells
already sensitive to TRAIL (Colo205), nor seemed to be related to
the mutational background of the cells (Figure 5A). The synergistic
effect of 17-AAG and TRAIL significantly increased cell death as
compared to each drug alone, while the sensitivity to 17-AAG did
not correlate with the combination’s cytotoxicity.

Sensitivity to pretreatment with 17-AAG appeared to be directly
related to BRAFY® protein degradation in HT29 cells
(Figure 5B-upper panel). TRAIL alone has a sub-toxic effect on
partially resistant HT29 cells, while their combinatorial treatment
resulted in procaspase-8 processing and Bid cleavage leading to
caspase-3 activation and PARP cleavage. This suggests amplifica-
tion of the mitochondrial pathway to mediate apoptosis (Figure 5B-
lower panel). Independent caspase-9 processing in the presence of
17-AAG alone, suggests a mechanism of activation dependent on
degradation of either BRAFY®*’E or Hsp90 itself (Figure 5B). To
determine whether this gained sensitivity to apoptosis was
dependent on the mutant BRAF and not a non-specific effect of
17-AAG on other Hsp90 client proteins, attenuation of mutant
BRAF in HT29 cells by shRNAY®" managed to decrease
apoptotic cell death by 17-AAG (Figure 5C). Evidence of
significantly impaired apoptosis was evaluated using the M30
CytoDEATH assay, which measures a cleaved fragment of
cytokeratin 18 and Annexin V that measures apoptotic fractions
(Figure 5C). Interaction between Hsp90 and mutant BRAF was
impeded resulting to low BRAF/ pBRAF levels which appeared to
interfere with the amplification of apoptotic cell death, previously
attained by the combination of TRAIL with 17-AAG (Figure S5).

BRAFV600E incites rapid DISC formation and
engagement of the apoptotic machinery in response to
TRAIL

To further unravel the role of mutant BRAF as a single
mutational event, previously established stable clones overexpress-
ing the mutant protein in a permissive genetic background of
Claco-2 cells were analyzed'. Significant cell death by apoptosis at

the lowest dose of TRAIL was observed in Caco-2 clones
overexpressing the mutant BRAFY*F (Caco-BR cells). The
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extent of apoptosis was comparable to that observed in Colo205
also bearing a single BRAF mutation, but also to that in DLD-1
cells (Figure 6A, Supporting Figure 6).

Analysis of the DISC complex formation in response to TRAIL
within 30 minutes indicated that caspase-8 and FADD are
recruited to the DISC far more efficiently in the Caco-BR13
and DLD-1 cells than in HT29 cells. In HT29 two mutational
pathways are activated, the MAPK and the PI3K pathway, and
may be antagonizing each other at the expense of remitting
apoptosis (Figure 6B, Supporting Figure 7). Induction kinetics of
apoptosis in Caco-BR cells showed that apoptosis was achieved
within two hours with the lowest concentration of TRAIL, while
only half time treatment with the highest dose was required for
efficient induction of apoptosis, as indicated by several key
apoptotic markers like proaspase-8 and Bid processing leading to
PARP cleavage (Figure S8). Activation of Bax following expedi-
tious mitochondrial release of proapoptotic Cytochrome C,
activation of caspase-3 and chromatin condensation within 30
minutes of TRAIL induction was confirmed by immunostaining,
correlated to DISC complex formation (Figure 6C).

PLX4720 requires TRAIL assistance to induce apoptotic
cell death in BRAFY®°° colon cancer cells

As previously observed the presence of mutant BRAF in colon
cancer cells, does not predict cell sensitivity to PLX4720 nor did
BRAFY®F overexpression in the mutational permissive back-
ground of Caco-2 cells (Figure 7A). Limited response to PLX4720
treatment is most likely due to the ambivalence overexpression and
phosphorylation of CRAF in response to the mutant BRAF stable
induction, but also due to the constitutive activation of MEK/
ERK phosphorylation (Figure S9). In order to facilitate cell death,
TRAIL was administered in combination with PLX4720.
Following exposure to low concentration of TRAIL, cells were
sensitized to the combination whereas at higher concentration the
advantage was lost due to the conferred sensitivity of BRAFY®"F
to TRAIL treated cells. Sensitivity of Caco-BR cells to TRAIL and
conferred sensitivity following treatment with PLX4720 was also
confirmed in 3D culture conditions. Caspase-3 activation and
nuclear fragmentation indicated engagement to apoptotic cell
death (Figure 7B).

17-AAG requires longer incubation periods to induce cell
death in the presence of dominant BRAFY6%%F

The overexpression of mutant BRAF in colon adenocarcinoma
cells had quite the opposite effect of the anticipated increase in
sensitivity to the 17-AAG inhibitor. Significantly longer (4-day)
treatment periods with 17-AAG were required to achieve an
antiproliferative effect in Caco-BR cells (IFigure 8A) comparable to
that achieved in HT29 cells in 24 hours (Figure 2A). Partial
degradation of mutant BRAF and insufficient MAPK pathway
inhibition in Caco-BR cells overexpressing mutant BRAFY*%,
appear to preclude cell sensitivity to 17-AAG  (Figure S10),
regardless of the interaction between mutant BRAF and Hsp90 in
the Caco-BR cells (Figure 8B).

Pathways for BRAF5% sensitization of colon cells to
TRAIL-induced apoptosis

Following mutant BRAFY**" overexpression, the phosphory-
lation of both BRAF/ CRAF kinases was significantly increased,
which resulted in the downstream activation of MEK but not
ERK signalling (Figure 9-upper panel, lanes 3-4). Detailed
characterisation of this MAPK pathway activation and its cell
tumourorigenic effects have been described elsewhere [1].
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pretreated with 60 uM UO126 for 8 hours after which TRAIL was added for another 16 hours. (C) Depletion of mutant BRAF by transient transfection
of 7 ug shRNA against the BRAFY®°°F present in HT29 cells in combination with all indicated parameters described above. Apoptotic cell death after

24 hours was assayed using the Annexin V and M30 CytoDEATH assay.

doi:10.1371/journal.pone.0021632.g005

Increased BRAF/ MEK phosphorylation in Caco-BR cells evoked
the differential expression of some key apoptotic and anti-
apoptotic molecules, altered in such way that facilitates apoptosis.
Increased phosphorylation of the CRAF/ BRAF complex mainly
observed in the TRAIL sensitive cell lines Caco-BR and DLD-1
cells correlated with DR4 and DR) overexpression observed on
the cell surface (Figure 9-lower panel, lanes 3-4 and 8; Figure S11).
Pro-apoptotic proteins including Bad, Bid and Bax were also
found overexpressed in Caco-BR and DLD-1 cells, while anti-
apoptotic molecules like Bcl-2 remained unchanged (Figure 9-
lower panel, lanes 3—4 and 8). Overexpressed Bad allows Bax to
escape Bcl-2 control and drive apoptosis while Bid accumulation
caused by BRAFY®"" overexpression comprises the initial step
towards the sensitization process. Moderate intrinsic pBRAF
activity was found in HT29 and RKO cells regardless the presence
of a BRAF mutation which was associated with potent activation
of the MAPK pathway (Figure 9-upper panel, lanes 6-7). This
observation raised the question whether sensitivity to TRAIL
induced apoptosis was associated with the constitutive BRAF
phosphorylation. Regardless activation of the CRAF/ BRAF
complex and TRAIL receptor overexpression in RKO cells
(Figure 9-upper panel, lane 7), resistance to TRAIL was recorded
(Figure 3A), potentially due to the concomitant activating PIK3CA
mutation. Towards this end, we hypothese that the sensitivity of
DLD-1 cells to TRAIL is not affected by the concomitant presence
of KRAS and PIK3CA mutations because of the constitutive
activation of pBRAF in these cells (Figure 9). In contrast, Colo205
cells that did not overexpress the CRAF/ BRAF complex
(Figure 9-upper panel, lane 5), but did express only marginally
the TRAIL receptors and anti-apoptotic BID (Figure 9-lower
panel, lane 5), were successfully committed to apoptosis possibly
because of the dominant BRAFV*?F presence (Figure 3A).

Ubiquitination of DR4 following treatment with 17-AAG
affects its transcriptional regulation

Significant downregulation of DR4 on the cell surface was
observed following treatment with 17-AAG alone or in combina-
tion with TRAIL in HT29 cells (Figure 5B-upper panel, lane 2;
Figure S12). Immediately a question was raised, regarding the
increased apoptosis attained under these conditions. Similar DR4
processing in the presence of 17-AAG was not observed in cells
sensitive to 17-AAG inhibitor like DLD-1 and Caco-BR13 cells
(Supporting Figures 13, 14). TRAIL alone did not cause any
visible proteolysis to either of DRs nor to BRAF/ CRAF
expression as compared to the significant degradation of RAF
isoforms accompanied by decreased pERK in the presence of 17-
AAG (Figure 5B-upper panel, lanes 2-3). The presence of the
proteasome inhibitor MG132 managed to suppress 17-AAG-
induced BRAF and DR4 degradation in HT29 cells, while CRAF
was irreversibly degraded (Figure 5B-upper panel, lane 7). To
determine whether DR4 downregulation resulted from decreased
pERK, which accompanies BRAF/ CRAF degradation, HT29
cells were treated with the MEK inhibitor UO126 (Figure 5B-
upper panel, lane 6) . Inhibition of MEK-ERK signaling resulted
in DR4 degradation confirming our model and previous findings,
regarding DR been regulated through a MEK-dependent pathway
due to increased pERK in the presence of TRAIL and KRASY!'?Y

[17].
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By adopting the double inhibition strategy it was shown that
BRAFYO" serves as an Hsp90 client, since a marked increase in
RAF isoforms in the NP-40 insoluble fraction was observed
(Figure 10A, lane 7). To our surprise DR4 was also detected in the
same fraction suggesting that DR4 could also be an Hsp90 client
protein targeted for degradation (Figure 10B, lane 7). Even though
DR5 was not degraded during 17-AAG treatment, it was also
found accumulated in the NP-40 insoluble fraction at all
conditions (Figure 10B, lane 7). This is more likely to reflect
DRs attached on the cell membrane and dragged into the
insoluble. Immunoprecipitation of the insoluble fraction following
the double inhibition treatment showed ubiquitin accumulation
confirming our hypothesis that DR4 gets ubiquitinated upon
treatment with 17-AAG, whereas attempts to co-immunoprecip-
itate Hsp90 and DR4/5, were unsuccessful (Figure 10B, lane 5).
Furthermore, during the double inhibition treatment pERK
activity remained suppressed in the cytosolic extracts, while DR4
was rescued. This should not negate MEK-ERK dependent
regulation of DR4, since proteins found in an ubiquitinated state
should have their signaling ability impaired, which is depicted by
the selective mRINA downregulation of DR4 at these conditions
(Figure S15). Nevertheless, regardless complete absence of DR4 in
HT?29 cells, apoptosis was amplified in the combined treatment via
the DRG5.

17-AAG sensitizes HT29 cells to TRAIL-induced apoptosis
via DR5

To prove our hypothesis regarding DR5 being the mediator of
apoptosis following treatment with 17-AAG, HT29 cells were pre-
treated with a blocking antibody against DR4 or DR) and then
subjected to TRAIL treatment. Inhibition of cell death was
achieved in the presence of the blocking Ab against DR5 but not
against DR4, regardless TRAIL been administered alone or in
combination with 17-AAG. In addition, inhibition of cell death
was also achieved when both blocking antibodies were combined
during pretreatment (Figure 11A-B). Data obtained so far suggest
that increased apoptosis in HT29 cells after combined treatment of
17-AAG with TRAIL is mediated via DR5.

Discussion

Constitutive activation of signaling via EGFR, MAPK and
PI3K pathways can promote uncontrolled cell growth, tumor cell
survival as well as resistance to cytotoxic agents [28,29].
Inhibiting the source of activation, when due to activating
mutations (KRAS, BRAF, PI3K), is a complex task. Inhibition of
mutant BRAFV®F using the selective PLX4720 inhibitor,
induces apoptosis in melanoma cells [18]. In contrast, the clinical
activity seen with PLX4032 in metastatic CRC was more modest
suggesting the biology behind this type of cancer is more
heterogeneous [30]. Initiation and progression of CRC proceeds
through a series of genetic alterations involving oncogenes and
tumour suppressor genes, therefore prolonged and substantial
suppression can only be achieved in combination therapy. In the
present study we present the anti-proliferative effects of the
pharmacological application of PLLX4720 as a single agent or in
combination with TRAIL, an inducer of apoptosis. Treatment
resistance recorded after exposure to PLX4720, had not been
anticipated considering studies reporting that BRAF mutant
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doi:10.1371/journal.pone.0021632.g007

cancers are very sensitive to pharmacological MEK inhibitors
and did not correlate to the mutational background of the cells
[31]. In our study, even though inhibition of cell proliferation was
not accomplished by PLX4720, successful inhibition of down-
stream targets pMEK/ pERK with a profound effect on cyclin
D1 target gene was achieved in much shorter incubation periods
indicating a small therapeutic window. This observation illus-
trates the need for supportive combinatorial treatment. The
proliferative advantage previously described in cells bearing
KRAS mutant and wild-type BRAF following treatment with
PLX4720, was only observed for SW620 cells. In contrast, cell
numbers of DLD-1 cells remained unchanged suggesting a
possible implication of constitutive pBRAF in these cells.
Towards this end, when PLX4720 was co-administered with
TRAIL, in TRAIL sensitive DLD-1 cells, TRAIL induced
apoptosis was abrogated indicating wild-type BRAF and not
mutant KRAS; also present in DLD-1, as the exclusionary factor
for colon cancer treatment with PLX4720.

@ PLoS ONE | www.plosone.org
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Pharmacological application of an indirect BRAFY®*"" inhib-
itor, 17-AAG as a single agent was more efficient in colon cancer
cells. The antiproliferative effect was not selective to a specific
mutational background but to the levels of AK'T phosphorylation.
Treatment with 17-AAG was least effective in RKO cell line,
where an increased phosphorylation of AKTT is observed. Notably,
recent studies have shown that PIK3CAMT and altered pAKT
activity can be critical markers for optimal tumour treatment
protocols [32,33]. Most encouraging was the selectively of 17-
AAG towards SW620, a metastatic colon cancer cell line, both Fas
and TRAIL-resistant [34]. Antiproliferative treatment with
PLX4720 could not be implemented within the small therapeutic
window predicted and the 17-AAG inhibitor could not eradicate
tumour cells under short time exposure at low concentration, their
combination with an apoptotic agent like TRAIL proved essential
and could intensify the results on cancer cell death. Thus, whether
the clinical goal is long-term exposure to low concentrations or
intermittent administration of relatively higher doses, the present
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doi:10.1371/journal.pone.0021632.g008

study proposes rational drug combinations and their therapeutic
application that appears to offer superior opportunities provided
its tolerability in humans is acceptable, which will require phase I
clinical evaluation.

In order to achieve rapid induction of apoptosis, combination of
tested BRAF inhibitors with TRAIL in a concomitant approach
was applied in cell lines exhibiting some degree of sensitivity to
these inhibitors. When TRAIL was applied as a single agent
conferred limited cytotoxity in colon cells harboring activating
mutations in both the MAPK and PI3K pathways, whereas its
effect was significantly increased in cells with a single BRAF
mutation and accompanied by high pBRAF levels. If the presence
of dominant BRAFY*"" and high presentation of pBRAF serve as
a sensitizing factor to TRAIL induced apoptosis, then the
significantly activate wild-type BRAF in DLD-1 cell may also be
a TRAIL sensitizer. The combination of PLX4720 with
concomitant TRAIL induction managed to increase cell death
by apoptosis in RKO cells but not in HT29, even though
downstream targets like pMEK/ pERK levels were equally
inhibited. Interestingly, the presence of PIK3CA mutation and
the highly activated PI3K/Akt pathway in RKO cells does not

@ PLoS ONE | www.plosone.org
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inhibit the synergism between PLX4720 and TRAIL, which can
be further exploited in the clinical application of these pharma-
cologic agents. The importance of this finding is further
emphasized by the fact that pharmacologic MEK pathway
inhibition of cell proliferation in BRAF mutant cancers may be
significantly decreased by the presence of activating PIK3CA
mutations [35].

In order to identify molecular modifiers that may influence cell
sensitivity to apoptosis even further, the proposed role of mutant
PIK3CA as an inhibitory factor was explored in our study [35].
Inhibitors of the PI3K/Akt signaling pathway gain considerable
attention in the treatment of CRC, especially since PISK/Akt
pathway inhibition can modulate TRAIL induced apoptosis in
HT?29 cells [34]. Down-regulation of PISK by siRNA may also
sensitize colon cancer cells to TRAIL-induced apoptosis [36].
Herein, in order to improve cell response to BRAF inhibitor
treatment, attenuation of the PIK3CA™'* that co-exist with
BRAFY*® in the relevant colon cancer cell lines was performed.
Deletion of PI3K wusing the PI-103 inhibitor alone or in
combination with either PLX4720 or TRAIL ranged from
inactive to moderate respectively and was only marginally
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increased when PI-103 was incorporated into the PLX4720/
TRAIL combination in RKO cells. In conclusion, the presence of
PISKCA mutation might not be interfering with the anti-
proliferative action of the PLX4720/ TRAIL combination, but
its suppression might offer an additional advantage towards
apoptotic cell death. Replacing PI-103 inhibitor with an siRNA
against PIK3CA™'" in RKO cells contributed equally to the
induction of apoptosis, illustrating once again the inhibitory role of
PIK3CA™ 7 as well as the benefits of using siRNA as a treatment
alternative. The combination efficacy of BRAF inhibition and
TRAIL treatment in the 2D cell culture system was also validated
in three-dimensional spheroid culture conditions, a pre-clinical
experimental model that may indicate the most promising
combinations to be later exploited in the clinic.

In a similar approach the PI-103 inhibitor was also used in
combination with TRAIL in HT29 cells. Increased sensitivity to

@ PLoS ONE | www.plosone.org
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apoptosis was evident but there were no signs of further synergism
when incorporated into the PLX4720/ TRAIL combination. The
PI3K inhibitor PI-103 has been shown to efficiently cooperate
with TRAIL to synergistically induce apoptosis [37]. When
PLX4720 was replaced by shRNA against BRAFY**F in HT29
cells, there was not additive effect on apoptotic cell death for any
of the treatment combinations, suggesting that the shRNA
approach in a heterozygous mutant background is not very
efficient. If our earlier hypothesis identifying activated-mutated
BRAF as a sensitizing factor is valid, the significantly low pBRAF
activity present in HT29 cells, as compared to RKO and DLD-1,
may explain the semi-resistant response not only to TRAIL but
also to the different combinations applied. In addition to the
moderate pBRAF activation, we also noted that the PIK3CAP*97
activating mutation in HT29 is also of low activity which suggests
that none of the MAPK or the PI3K pathways is dominant. A
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simulated balance created by both pathways prevents the cell from
shifting completely into the apoptotic pathway, achieving as a
result mild sensitization to apoptosis.

The synergistic effect between TRAIL and 17-AAG led to a
significantly apoptotic response in HT29 cells. Induction of
apoptosis was most likely achieved through amplification of the
mitochondrial pathway based on the extensive pro-caspase-9
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processing in the combined treatment. It has been previously
demonstrated that combination of TRAIL with certain signaling
inhibitors results in enhancement of apoptosis through inhibition
of important pro-survival pathway components like AK'T [38,39].
Activated AKT kinase is known to be an Hsp90 client and can be
targeted by 17-AAG [23]. Nevertheless, the anti-proliferative
effect of 17-AAG alone or in combination with TRAIL observed
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in HT29 and DLD- 1 cells relays entirely on the interaction
between Hsp90 and BRAF either mutated or activated by
KRAS®P respectively, since depletion of mutant BRAFY?0F
in HT29 resulted to complete reversal of apoptotic cell death.
Interaction between Hsp90 and mutant BRAF is impaired
resulting to even lower pBRAF activity that interferes with the
amplification of apoptotic cell death.

To further unravel the role of mutant BRAF as a single
mutational event, a stable expression of BRAFYO® as
performed in Caco-2 cells. Overexpression of the mutant protein
significantly sensitized Caco-2 cells to TRAIL induced apoptosis, a
response comparable to that of Colo205 cells also bearing a single
BRAF mutation. Functional analysis of DRs and apoptosis kinetics
revealed rapid DISC assembly and activation of the mitochondria-
dependent pathway after induction with TRAIL in BRAFY®F
transformed and high pBRAF presenting DLD-1 cells. Neverthe-
less, overexpression of mutant BRAF does not confer any
sensitivity to the antiproliferative effect of PLX4720, unless a
small concentration of TRAIL is added to achieve an additive
effective response. Limited response to PLX4720 treatment is most
likely due to the ambivalence overexpression and phosphorylation
of CRAF in response to mutant BRAF stable induction. The
successful combination of PLX4720 with TRAIL in cells
overexpressing mutant BRAF was also confirmed in three-
dimensional culture conditions. Efficacy of TRAIL in Caco-BR
cells grown in spheroids holds great potential for future
application, especially when apoptosis is engaged in microsatellite
instable Caco-BR cells [1], potentially by circumventing their
impaired DNA repair mechanism in addition to deregulated
signaling pathways. The deregulate cell cycle Caco-BR cells are
under not only because of their deregulation of their mitotic check
point [1], but also because of the high levels of hyperpho-
sphorylated cyclinD1, might be accounted for the very late
response of the Caco-BR clones to 17-AAG treatment. The
unstable cell cycle renders Caco-BR cells able to escape 17-AAG
cell cycle targeted effects. On the other hand, HT29 cells have a
more stable cell cycle that can be more efficiently targeted by 17-
AAG, whereas DLD-1 cells harboring a KRAS mutation were also
found partially sensitive to 17-AAG, possibly because of their high
intrinsic pBRAF levels. Sensitivity of cancer cells to specific drugs
can be regulated through the expression patterns of the BH3-only
family members.

Opverexpression of pro-apoptotic as compared to anti-apoptotic
factors was recorded following BRAFY®™"® transformation and
was comparable to high pBRAF presenting DLD-1 and Colo205
cells. Recorded upregulation in DR4/ 5 serve as the initial step
towards the efficient DISC formation whereas Bid accumulation
provides the link between terminal effector processes and signaling
related alterations such as DNA integrity, cell attachment and
microtubule function. Simultaneous downregulation of Bcl-2
ensures Bax translocation to the mitochondrial membrane and
Cytochrome C release. Upregulation of pro-apoptotic proteins
may explain how increased sensitivity of Caco-BR cells to TRAIL-
induced apoptosis is achieved.

Previous studies describe the synergistic effect between TRAIL
and 17-AAG and the inhibitory effect of 17-AAG on DR4.
Although it has been well described how the ubiquitin system
regulates the proximal steps of the DISC assembly and its
components, ubiquitination of DR4 has not been observed before
[40]. Despite ubiquitin dependent proteolysis of DR4 accompa-
nied by an mRNA depended downregulation, lack of interaction
between Hsp90 and DR4 suggests that DR4 is targeted by the
ubiquitin aimed for HSp90. In this case internalization of DR4
must be more frequent as compared to DR5 or the protein
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turnover is increased. Moreover, significant suppression of pERK
following BRAF degradation by 17-AAG has also contributed to a
MEK dependent DR4 downregulation in the presence of
attenuated  BRAFY*" activity. Nevertheless, apoptosis was
efficiently mediated through DR5 as determined by functional
analysis using specific DR5 blocking antibodies. Considering
occasions where inactivation of KILLER/ DR5 due to mutations
[41], or absence of its cell surface expression because of improper
transport to the cell surface [42], cells being treated with the
proposed combination of TRAIL/ 17-AAG will manage to escape
DR5 mediated apoptosis.

This study has analyzed in detail the role of BRAF/ KRAS/
PIK3CA mutation status of particular colorectal tumours on
predicting efficient therapeutic treatments with the BRAF and the
PI3K inhibitors as well as their rational combination with TRAIL.
Cell death by apoptosis when TRAIL was concomitantly
administered with PLX4720 or 17-AAG was significantly
increased suggesting that when BRAFY®"F or PIKSCA™™" exist
as dominant mutational events may confer sensitivity to TRAIL.

Supporting Information

Figure S1 Suppression of BRAF phosphorylation within
16 hours and rapid inhibition of pERK within an hour of
treatment with 1 and 10 uM of PLX4720 in RKO cells.

(TTF)

Figure S2 Complete experiment of immunoprecipita-
tion of indicated cell lines with BRAF and the complexes
subsequently immunoblotted first with Hsp90 and then
with BRAF and Cdc37, which is right bellow the heavy
chain (HC) of the antibody.

(TIE)

Figure S3 Combined treatment with 1 uM PLX4720 for
8 hours and concomitant administration of 10 ng/ml
TRAIL for 16 hours in DLD-1 and HCT116 colon cancer
cells. Cell viability assayed by SRB 24 hours after treatment.
#*P<0.01, *¥**P<0.001.

(T1TF)

Figure S4 Depletion of mutant BRAF by transient
transfection using indicated shRNA against the
BRAFVE present in HT29 cells and subsequent
treatment of cells with 100 ng/ml TRAIL. Total cell lysates
harvested for the described treatments were immunoblotted with
the indicate antibodies.

(TIF)

Figure S5 (B) Western blotting of HT29, HT-PS (empty
vector), HTShBR-1, -3 and -5 stable clones. Expression
levels of total and phosphorylated BRAF is shown accompanied by
phosphorylation status of ERK1/2.

(TIE)

Figure S6 A dose response with TRAIL was performed
for 16 hours in Caco-BR transformed cells and
BRAFV®°F mutant HT29 cells. The cytotoxic effects of
TRAIL were measured using the apoptosis ELISA kit by Roche.
Log percentage cell viability and fold change of the absorbance of
treated/ untreated cells, for each condition are presented.

(T1F)
Figure S7 Cell lysates and flow through controls of the

western blot analysis for the DISC immunoprecipita-
tion.
(T1F)
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Figure S8 Induction kinetics of apoptosis at indicated
TRAIL concentrations and specific time points. Total cell
lysates harvested from cells treated for indicated time points following
treatment with 10 and 100 ng/ml TRAIL were immunoblotted for
the indicated antibodies. Proteins are quantified against a-tubulin.
(TIF)

Figure S9 Total cell lysates harvested from in Caco-BR
cells treated for 4 hours with indicated concentrations of
PLX4720 were immunoblotted for the indicated target
proteins. Proteins are quantified against o-tubulin.

(T1F)

Figure S10 Total cell lysates harvested from Caco-BR13
cells treated for indicated time points with 100 nM 17-
AAG were immunoblotted for the indicated antibodies.
Proteins are quantified against o-tubulin.

(TIF)

Figure S11 Cell surface expression of DR4 and DR5
analysed by means of flow cytometry following staining
with antibodies against DR4, DR5 and the secondary
GAM-PE antibody only (IgG-PE) that was used against
DR4 and DRS5 in living cells (Hoechst negative). Blue line
indicates expression levels of DRs in parental Caco-2 cells.
Representative histograms from at least three independent
experiments are shown. Blue line indicates expression levels of
DRs in parental Caco-2 cells.

(TTF)

Figure S12 DR expression on the cell surface of HT29
cells. Downregulation of the DR4 was assayed by means of flow
cytometry following treatment with 100 nM 17-AAG alone or in
combination with 10 ng/ml TRAIL for 24 hours. Nearly 40% of the
DR4 was rescued in the presence of 10 uM MG132. Representative
histograms from at least four independent experiments are shown.
Blue line indicates expression levels of DRs in parental Caco-2 cells.
(TTF)
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(TTF)
File S1 Supplementary Materials and Methods.
DOC)

Author Contributions

Conceived and designed the experiments: EO LA AP. Performed the
experiments: EO MK VS. Analyzed the data: EO LA AP. Contributed
reagents/materials/analysis tools: EO MK VS. Wrote the paper: EO AP.

. Walczak H, Miller RE, Ariail K, Gliniak B, Griffith TS, et al. (1999)
Tumoricidal activity of tumor necrosis factor-related apoptosis-inducing ligand
in vivo. Nat Med 5: 157-163. 10.1038/5517 [doi].

. MacFarlane M (2003) TRAIL-induced signalling and apoptosis. Toxicol Lett
139: 89-97. S0378427402004228 [pii].

. Kischkel FC, Lawrence DA, Tinel A, LeBlanc H, Virmani A, et al. (2001) Death
receptor recruitment of endogenous caspase-10 and apoptosis initiation in the
absence of caspase-8. J Biol Chem 276: 46639-46646. 10.1074/
jbe.M105102200 [doi];M 105102200 [pii].

. Suliman A, Lam A, Datta R, Srivastava RK (2001) Intracellular mechanisms of
TRAIL: apoptosis through mitochondrial-dependent and -independent path-
ways. Oncogene 20: 2122-2133. 10.1038/5sj.onc.1204282 [doi].

. Hague A, Hicks DJ, Hasan F, Smartt H, Cohen GM, et al. (2005) Increased
sensitivity to TRAIL-induced apoptosis occurs during the adenoma to
carcinoma transition of colorectal carcinogenesis. Br J Cancer 92: 736-742.
6602387 [pii];10.1038/sj.bjc.6602387 [doi].

. Tran SE, Holmstrom TH, Ahonen M, Kahari VM, Eriksson JE (2001) MAPK/
ERK overrides the apoptotic signaling from Fas, TNF, and TRAIL receptors.
J Biol Chem 276: 16484-16490. 10.1074/jbc.M010384200 [doi];M010384200
[pil].

. Drosopoulos KG, Roberts ML, Cermak L, Sasazuki T, Shirasawa S, et al. (2005)
Transformation by oncogenic RAS sensitizes human colon cells to TRAIL-
induced apoptosis by up-regulating death receptor 4 and death receptor 5
through a MEK-dependent pathway. J Biol Chem 280: 22856-22867.
M412483200 [pii];10.1074/jbc.M412483200 [doi].

. Tsai ], Lee JT, Wang W, Zhang J, Cho H, et al. (2008) Discovery of a selective
inhibitor of oncogenic B-Raf kinase with potent antimelanoma activity. Proc
Natl Acad Sci U S A 105: 3041-3046. 0711741105 [pii];10.1073/
pnas.0711741105 [doi].

. Poulikakos PI, Zhang C, Bollag G, Shokat KM, Rosen N (2010) RAF inhibitors

transactivate RAF dimers and ERK signalling in cells with wild-type BRAF.

Nature 464: 427-430. nature08902 [pii];10.1038/nature08902 [doi].

Heidorn SJ, Milagre C, Whittaker S, Nourry A, Niculescu-Duvas I, et al. (2010)

Kinase-dead BRAF and oncogenic RAS cooperate to drive tumor progression

20.

June 2011 | Volume 6 | Issue 6 | 21632



21.

22.

23.

24.

26.

28.

29.

30.

through CRAF. Cell 140: 209-221. S0092-8674(09)01626-2 [pii];10.1016/
j-cell.2009.12.040 [doi].

Hatzivassiliou G, Song K, Yen I, Brandhuber BJ, Anderson DJ, et al. (2010)
RAF inhibitors prime wild-type RAF to activate the MAPK pathway and
enhance growth. Nature 464: 431-435. nature08833 [pii];10.1038/nature08833
|doi].

Grbovic OM, Basso AD, Sawai A, Ye Q, Friedlander P, et al. (2006) V600E B-
Raf requires the Hsp90 chaperone for stability and is degraded in response to
Hsp90 inhibitors. Proc Natl Acad Sci U S A 103: 57-62. 0609973103
[pii];10.1073/pnas.0609973103 [doi].

Basso AD, Solit DB, Chiosis G, Giri B, Tsichlis P, et al. (2002) Akt forms an
intracellular complex with heat shock protein 90 (Hsp90) and Cdc37 and is
destabilized by inhibitors of Hsp90 function. J Biol Chem 277: 39858-39866.
10.1074/jbc.M206322200 [doi];M206322200 [pii].

Kamal A, Thao L, Sensintaffar J, Zhang L, Bochm MF, et al. (2003) A high-
affinity conformation of Hsp90 confers tumour selectivity on Hsp90 inhibitors.
Nature 425: 407-410. 10.1038/naturc01913 [doi];nature01913 [pii].

. Roberts ML, Drosopoulos KG, Vasileiou I, Stricker M, Taoufik E, et al. (2006)

Microarray analysis of the differential transformation mediated by Kirsten and
Harvey Ras oncogenes in a human colorectal adenocarcinoma cell line. Int
J Cancer 118: 616-627. 10.1002/1jc.21386 [doi].

Oikonomou E, Kothonidis K, Taoufik E, Probert E, Zografos G, et al. (2007)
Newly established tumourigenic primary human colon cancer cell lines are
sensitive to TRAIL-induced apoptosis in vitro and in vivo. Br J Cancer 97:
73-84. 6603835 [pii];10.1038/5].bjc.6603835 [doi].

. da Rocha DS, Friedlos F, Light Y, Springer C, Workman P, et al. (2005)

Activated B-RAF is an Hsp90 client protein that is targeted by the anticancer
drug 17-allylamino-17-demethoxygeldanamycin. Cancer Res 65: 10686-10691.
65/23/10686 [pii];10.1158/0008-5472.CAN-05-2632 [doi].

LoPiccolo J, Blumenthal GM, Bernstein WB, Dennis PA (2008) Targeting the
PISK/Akt/mTOR pathway: effective combinations and clinical considerations.
Drug Resist Updat 11: 32-50. S1368-7646(07)00076-3 [pii];10.1016/
j.drup.2007.11.003 [doi].

Qiao L, Studer E, Leach K, McKinstry R, Gupta S, et al. (2001) Deoxycholic
acid (DCA) causes ligand-independent activation of epidermal growth factor
receptor (EGFR) and FAS receptor in primary hepatocytes: inhibition of
EGFR/mitogen-activated protein kinase-signaling module enhances DCA-
induced apoptosis. Mol Biol Cell 12: 2629-2645.

Kopetz S, Desai J, Chan E, Hecht JR, O’Dwyer PJ, et al. (2010) PL.X4032 in
metastatic colorectal cancer patients with mutant BRAF tumors. J Clin Oncol
28: 15s,suppl.

@ PLoS ONE | www.plosone.org

19

31

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

BRAF, PIK3CA Predict PLX4720/17-AAG/TRAIL Effects

Solit DB, Garraway LA, Pratilas CA, Sawai A, Getz G, et al. (2006) BRAF
mutation predicts sensitivity to MEK inhibition. Nature 439: 358-362.
nature04304 [pii];10.1038/nature04304 [doi].

32. She QB, Chandarlapaty S, Ye Q, Lobo J, Haskell KM, et al. (2008) Breast

tumor cells with PI3K mutation or HER2 amplification are selectively addicted
to Akt signaling. PLoS One 3: €3065. 10.1371/journal.pone.0003065 [doi].
Halilovic E, She OB, Ye Q, Pagliarini R, Sellers WR, et al. (2010) PIK3CA
Mutation Uncouples Tumor Growth and Cyclin D1 Regulation from MEK/
ERK and Mutant KRAS Signaling. Cancer Res 70: 6804-6814. 0008-
5472.CAN-10-0409 [pii];10.1158/0008-5472.CAN-10-0409 [doi].

Vaculova A, Hofmanova J, Soucek K, Kozubik A (2006) Different modulation of
TRAIL-induced apoptosis by inhibition of pro-survival pathways in TRAIL-
sensitive and TRAIL-resistant colon cancer cells. FEBS Lett 580: 6565-6569.
S0014-5793(06)01312-3 [pii];10.1016/].febslet.2006.11.004 [doi].

Wee S, Jagani Z, Xiang KX, Loo A, Dorsch M, et al. (2009) PI3K pathway
activation mediates resistance to MEK inhibitors in KRAS mutant cancers.
Cancer Res 69: 4286-4293. 0008-5472.CAN-08-4765 [pii];10.1158/0008-
5472.CAN-08-4765 [doi].

Rychahou PG, Murillo CA, Evers BM (2005) Targeted RNA interference of
PI3K pathway components sensitizes colon cancer cells to TNF-related
apoptosis-inducing ligand (TRAIL). Surgery 138: 391-397. S0039-
6060(05)00268-0 [pii];10.1016/j.surg.2005.05.012 [doi].

Opel D, Naumann I, Schneider M, Bertele D, Debatin KM, et al. (2011)
Targeting aberrant PI3K/Akt activation by PI103 restores sensitivity to TRAIL-
induced apoptosis in neuroblastoma. Clin Cancer Res : 1078-0432. CCR-10-
2530 [pii];10.1158/1078-0432.CCR-10-2530 [doi].

Vasilevskaya IA, O’Dwyer PJ (2005) 17-Allylamino-17-demethoxygeldanamycin
overcomes TRAIL resistance in colon cancer cell lines. Biochem Pharmacol 70:
580-589. S0006-2952(05)00349-7 [pii];10.1016/j.bcp.2005.05.018 [doi].
Siegelin MD, Habel A, Gaiser T (2009) 17-AAG sensitized malignant glioma
cells to death-receptor mediated apoptosis. Neurobiol Dis 33: 243-249. S0969-
9961(08)00260-X [pii];10.1016/j.nbd.2008.10.005 [doi].

Wertz IE, Dixit VM (2010) Regulation of death receptor signaling by the
ubiquitin system. Cell Death Differ 17: 14-24. ¢dd2009168 [pii];10.1038/
¢dd.2009.168 [doi].

Park WS, Lee JH, Shin MS, Park JY, Kim HS, et al. (2001) Inactivating
mutations of KILLER/DRS5 gene in gastric cancers. Gastroenterology 121:
1219-1225. S0016508501611478 [pii].

Jin Z, McDonald ER III, Dicker DT, El-Deiry WS (2004) Deficient tumor

necrosis factor-related apoptosis-inducing ligand (TRAIL) death receptor
transport to the cell surface in human colon cancer cells selected for resistance
to TRAIL-induced apoptosis. J Biol Chem 279: 35829-35839. 10.1074/
jbe.M405538200 [doi];M405538200 [pii].

June 2011 | Volume 6 | Issue 6 | 21632



	Seznam použitých zkratek
	I. Úvod a cíle práce:
	II. Abstrakt
	III. Abstract
	IV. Literární přehled
	IV.1 Proteiny rodiny TNF
	IV.1.1 Historie
	IV.1.2 Zástupci rodiny TNF/TNFR a jejich fyziologická role
	IV.1.2.1 Ligandy
	IV.1.2.2 Receptory
	IV.1.2.3 Signalizace a fyziologická funkce

	IV.1.3 Receptory smrti a jejich ligandy

	IV.2 TRAIL
	IV.2.1 Exprese a regulace genu
	IV.2.2 Receptory pro TRAIL
	IV.2.3 Fyziologický význam a myší model
	IV.2.4 DISC a signalizační kaskády
	IV.2.5 Faktory ovlivňující rezistenci buněk k  apoptóze indukované ligandem TRAIL
	IV.2.6 Klinické studie
	IV.2.6.1 Monoterapie rekombinantním ligandem či agonistickými protilátkami
	IV.2.6.2 Kombinovaná testovací terapie



	V. Výsledky
	V.1 Inhibice vakuolární ATPázy zpomaluje aktivaci kaspázy-8 spuštěnou ligandem TRAIL a zároveň ovlivňuje buněčný transport receptorových komplexů obsahujících tento ligand.
	V.2 Adaptorový protein ARAP1 se účastní mobilizace receptoru TRAIL-R1/DR4 k plazmatické membráně
	V.3 Rezistenci rakovinných buněk způsobenou mutací genu PIK3CA k inhibitoru PLX4720  napomáhá překonat společné působení s ligandem TRAIL.

	VI. Diskuze a závěr
	VII. Použitá literatura
	VIII. Přílohy (prezentované publikace)
	Horová V., Hradilová N., Jelínková I., Koc M., Švadlenka J., Bražina J., Klíma M., Slavík J., Hyršlová Vaculová A., Anděra L.: Inhibition of vacuolar ATPase attenuates the TRAIL-induced activation of caspase-8 and modulates the trafficking of TRAIL re...
	Šímová Š., Klíma M., Čermák L., Šourková V., Anděra L.: Arf and Rho GAP adapter protein ARAP1 participates in the mobilization of TRAIL-R1/DR4 to the plasma membrane. Apoptosis, 13(3):423-36, 2008.
	Oikonomou E., Koc M., Šourková V., Anděra L., Pintzas A.: Selective BRAFV600E inhibitor PLX4720, requires TRAIL assistance to overcome oncogenic PIK3CA resistance. Plos ONE, 6(6):e21632, 2011.


