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ABSTRACT (Czech)

Apoptdéza fedstavuje firozenou bariéru proti rozvoji nadorovych
onemocgni a rezistence nadorovych Rlnk apoptdze je jednou ze
zakladnich vlastnosti ziskanyckhem tumorigeneze. ProtoZ&t$ina v
souwasné dob pouzivanych cytostatik vyvolava zanik nadorovychnd
aktivaci vnitni apoptotické drahy, je porucha aktivace imiapoptotické
drahy spojena se selhanim terapie. Cilena aktxexei apoptotické drahy
umoziuje indukci apoptézy i u nadorovych kikn rezistentnich
k cytostatikim. TRAIL je cytokin pattici do rodiny TNIe, ktery specificky
indukuje zevni apoptotickou drahu v nadorovychikach a je netoxicky
vaéi normdélnim bukédm. Vzhledem kdmto vlastnostem fedstavuje
TRAIL slibnou protinddorovou latku. Velkdast primarnich nadaorje
vSak wi¢i TRAILu rezistentni. Ve snaze o tgkonani rezistence
nadorovych bukk na TRAIL byla identifikovana celéada latek, které
zvySuji citlivost nddorovych bk na TRAIL. Redchozi studie ukazuji, ze
roskovitin, inhibitor cyklin dependentnich kinaz,vyguje citlivost
solidnich nadar na TRAIL.

V této praci jsme studovali citlivosianych hematologickych malignit
k TRAILem indukované apoptdze. Nasleédjsme zji¥ovali schopnost
roskovitinu zvysit citlivost leukemickych a lymformpch burgk na
TRAIL in vitro ain vivo na mySim modelu lidského lymfomu. Nakonec
jsme analyzovali molekularni mechanismy cytotoxiekéynergismu mezi
roskovitinem a TRAILem

Vysledky ukazuji, Ze roskovitin a TRAIL apobi synergisticky
vindukci apoptézy jak u hematologickych uanych linii, tak u
primarnich busk. Léba leukemickych a Iymfomovych bek
roskovitinem vyvola po jejich nasledném vystaverRATLU zvySené
Sttpeni apikalnich kaspaz. Dale jsme pobtéroskovitinem pozorovali
akumulaci pro- i anti- apoptotickych BCL-2 protéin mitochondriich.
Tyto vysledky naznalji, Ze roskovitin zvySenim akumulace BCL-2
proteini v mitochondriich sniZzuje prah préané proapoptotické podity.
Predpokladame, Ze zvySen&pani apikalnich kaspaz a mitochondrialni
akumulace BCL-2 protein piedstavuji hlavni molekularni mechanizmy
roskovitinem navozené senzitizace k TRAILem indwda@® apoptdze v
leukemickych / lymfomovych hikach.



ABSTRACT

Apoptosis serves as a hatural barrier to cameyelopment, and
resistance to apoptosis represents one of the &pgbdities acquired
during tumor development or progression. As mosthef currently used
cytotoxic drugs initiate tumor cell death by directindirect triggering of
the intrinsic apoptotic pathway, impairment of timrinsic pathway is
associated with therapy failure. Targeting of tleattl receptors, however,
enables induction of apoptosis even in chemotheregigtant cancer cells.
TRAIL is a death ligand belonging to the T&Fsuperfamily that
specifically kills tumor cells while sparing healtlissues. Unfortunately,
many primary tumors have been shown to be TRAllistast. In attempt
to overcome TRAIL resistance a wide array of agéatge been shown to
sensitize tumor cells to TRAIL. Previous studieganted that roscovitine,
a cyclin-dependent kinase inhibitor, sensitizedotes solid cancer cells to
TRAIL.

In this study we analyzed the sensitivity dffetise hematologic
malignancies to TRAIL-induced apoptosis and meabuhe ability of
roscovitine to potentiate TRAIL-induced apoptosid@sensitize TRAIL-
resistant tumor cells to TRAIL botim vitro andin vivo using a mouse
xenograft model of human lymphoma. In addition,amalyzed molecular
mechanisms responsible for the cytotoxic synerdigtween roscovitine
and TRAIL.

We showed that roscovitine and TRAIL demonsttasynergistic
cytotoxicity in hematologic malignant cell lines canprimary cells.
Pretreatment of TRAIL resistant leukemia and lymphocells with
roscovitine induced enhanced cleavage of deathcindu signaling
complex-bound proximal caspases after exposuredrild. We observed
increased levels of both pro- and anti-apoptoticLECproteins at the
mitochondria following exposure to roscovitine. $haesults suggest that
roscovitine induces priming of cancer cells for tdedy binding
antiapoptotic BCL-2 proteins to proapoptotic BH3yomproteins at the
mitochondria thereby decreasing the threshold feerde proapoptotic
stimuli. We propose that the mitochondrial primirepd enhanced
processing of apical caspases represent major atatemechanisms of
roscovitine-induced sensitization to TRAIL in lenki@a / lymphoma cells.



INTRODUCTION

Apoptosis

Apoptosis is a form of programmed cell dedthtthas evolved in
multicellular organisms in order to eliminate unwea) damaged or
potentially hazardous cells.

Extrinsic apoptotic pathwaig induced by death ligands bound to their
cognate death receptors. The most studied anddbesacterised death
ligands are tumor necrosis facto(TNFa), FAS ligand (FASL), and TNF-
related apoptosis inducing ligand (TRAIL). Ligatiohdeath receptors by
death ligands leads to the formation of the dead¢ing signaling
complex (DISC), composed of the core adapter prok\DD, and the
initiator caspases -8 and -10 [1-2]. DISC assenwvigbles proximity-
induced homodimerization and activation of theiamdr caspases [3].

Intrinsic (mitochondrial) apoptotic pathway initiated inside the cell in
response to various stimuli, such as loss of grosifnals during
development or sever cell stress (DNA damage, drdadtor deprivation,
oncogene activation, microtubule disruption) [4]hid pathway is
controlled by interactions among members of the BCprotein family
that regulate mitochondrial outer membrane pernltigabon (MOMP).
MOMP results in the release of cytochrome c¢ ancerotbroapoptotic
molecules from mitochondria. Subsequently, cytogieoc enables
formation of the multiprotein complex apoptosombofmed by activation
of initiator caspase-9 [5-7].

The connection between extrinsic and intriregpoptotic pathways is
mediated by proapoptotic BCL-2 family member BlRttls activated by
caspase-8 mediated cleavage.

Antiapoptotic membersf the BCL-2 family (BCL-2, MCL-1, BCL-XL,
BCL-W, BFL1, BCL-B) promote cell survival by bindinof proapoptotic
BCL-2 proteins.Proapoptotic BCL-2 family membecan be divided into
multi-domain proapoptotic proteins sharing BH1-3n&ins and so called
BH3-only proteins containing only BH3 domain. Upaativation, the
multi-domain proapoptotic proteins (Bak, Bax, Bakg thought to mediate
MOMP by oligomerization and formation of pores withMOM. BH3-
only proteins (BID, BAD, BIK, BIM, PUMA, NOXA, BMF, HRK)
function as molecular signals corresponding to athpira of stress
impulses from the environment or from within thdl.ce



TRAIL

TRAIL (Apo2L, dulanermin) is a member of th&lR ligand family. It
is a transmembrane glycoprotein that can be cletvéarm soluble ligand
[8-9].

To date, five receptors for TRAIL have beeenitified - death receptor
4 (DR4), death receptor 5 (DR5), decoy receptdddR(1), decoy receptor
2 (DcR2), and osteoprotegerin (OPG) [10-13]. DR4d dbR5 are
characterized by the intracellular death domain XEHat is essential for
transmission of death signal upon binding of TRADlecoy receptors, and
OPG are unable to transmit death signal and acbepetitive inhibitors
of death receptors for TRAIL binding.

The physiological function of endogenous TRAdLnot fully defined.
The cytotoxic activity of TRAIL against tumor celigd its expression on
the cells of immune system suggest the role of TRAlimmune tumor
surveillance. Besides its involvement in antitunsorveillance, TRAIL
was implicated in innate immunity against virus ectfion and in
modulating an autoimmune response.

TRAIL as therapeutic agent

Since its discovery, TRAIL has been investgats a potential anti-
cancer agent. Preclinical studies have shown tR&II induces apoptosis
in a wide range of tumor cell lines and primanyjsai vitro as well asn
vivo in xenograft animal tumor models [8-9, 14-17]. Wel TNFa and
FASL TRAIL proved to be non-toxic for normal untsformed cells.
Despite promising results of preclinical and phlastidies combination of
rhTRAIL with paclitaxel, carboplatin, and bevacizainin patients with
advanced non-small-cell lung cancer did not impdovitcome [18].
Similarly, addition of rhTRAIL to anti-CD20 antibgdrituximab in
patients with low grade non-Hodgkin's lymphomastseéo have limited
efficiency (www.clinicaltrials.gov). Considering fefacy of rhTRAIL in
clinical trials it is worth noting that its doseiting toxicity has not been
reached and thus the dose of rhTRAIL used in dintdals could be
underestimated. The other possible issue that cowduce the
effectiveness of rhTRAIL is primary or acquired isé@nce to TRAIL-
induced apoptosis.



Mechanisms of resistance to TRAIL-induced apoptosis

Many tumor cells are constitutively TRAIL re&int and originally
TRAIL sensitive cells can acquire resistance urstdective pressure of
TRAIL. A variety of mechanisms that mediate TRAIlksistance have
been described so far, including impairments ofttdeaceptor signaling
and mitochondrial apoptotic pathway.

Death receptors and TRAIL resistance

The expression of death and decoy receptbest posttranslational
modifications (O-glycosylation, palmitoylation), énlocalization (lipid
rafts, endocytosis) can influence TRAIL sensitiviyd-24]. Dysfunction
of other DISC components (FADD deficiency, caspasieficiency) can
also lead to TRAIL resistance [25-26].

Mitochondrial pathway and TRAIL resistance

Although TRAIL-induced apoptosis is initiatélorough the extrinsic
apoptotic pathway, several studies provided evidghat at least in some
cell types TRAIL-induced apoptosis is dependenttlo®m mitochondrial
pathway. Human colon cancer cells and leukemis cidficient in Bax are
TRAIL resistant despite the expression of Bak [2]7-Bax dependency of
TRAIL induced apoptosis in cancer cells and inapitif Bak to induce
apoptosis can be explained by selective interastionong BCL-2 family
members. Deregulation of BCL-2 family is a commdmding in tumor
cells [30, 32-34].

Inhibitors of apoptosis (IAP) are proteinsttisan inhibit caspases by
binding to their active sites. The activity of IARsn be blocked by
Smac/Diablo, a mitochondrial protein that is reéehsnto the cytosol
during apoptosis [35-36]. High expression of IAPss been shown to
confer resistance of prostate cancer cells to TRABI-38]. Resistance of
melanoma cell lines to TRAIL was associated witdueed release of
Smac/Diablo from mitochondria to cytosol [39].



HYPOTHESIS AND THE AIMS OF THE STUDY

Although TRAIL activates the extrinsic apojptopathway through
death receptors, the amplification of proapoptatignal through the
mitochondrial pathway may be required to inducepagiic cell death [40].

Recently, it has been reported that TRAIL g&sit glioma, breast
cancer, and thyroid carcinoma cells can be seaditio TRAIL-induced
apoptosis by roscovitine, an inhibitor of CDK [43}4 Previous studies
ascribed TRAIL-sensitizing effect of roscovitine ttte downregulation of
several antiapoptotic proteins, namely MCL-1, XIARd survivin [41-42].
Roscovitine-mediated  inhibition of transcription bydecreased
phosphorylation of CTD of RNA polymerase Il througthibition of
CDK7 [44] was considered as a mechanism responsible the
downregulation of these short-lived proteins [4%-4&oscovitine was also
reported as a poterih vitro inducer of apoptosis in many primary
hematologic malignant cells, including chronic Iymogytic leukemia
(CLL) [48], diffuse large B-cell lymphoma (DLBCL)4P], mantle cell
lymphoma (MCL) [50] and multiple myeloma (MM) cel45]. However,
the effect of roscovitine on the sensitization efrtatologic malignancies
to TRAIL-induced apoptosis has not been studied.

Based on the previous reports we hypothesizeat the alteration of
intrinsic apoptotic pathway in leukemia and lymphoma cells results in
the resistance to TRAIL-induced apoptosis. Therefa, roscovitine will
sensitize these cells to TRAIL-induced apoptosis biterfering with
the expression of BCL-2 family proteins.



We set these specific aims, the fulfillment of whis the subject of this
thesis:

» to determine the sensitivity of leukemia and lymplaocell lines
and primary cells to TRAIL-induced apoptosis

= to measure the cytotoxic effect of combinadvitro treatment of
TRAIL and an inhibitor of cyclin dependent kinagescovitne in
leukemia and lymphoma cell lines and primary cells

» to identify molecular mechanisms responsible fa tbscovitine-
mediated sensitization to TRAIL-induced apoptosis

* to determine the cytotoxic effect of combined tnet with
TRAIL and roscovitinein vivo using a mouse model of human
lymphoma
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MATERIAL AND METHODS
Material:

Cell lines

DB, DOHH-2, EB-1, GRANTA-519, HBL-2, HEK293THL-60,
JEKO-1, JURKAT, K-562, MC-116, ML-2, NU-DHL-1, NU-DL-1,
OPM-2, RAJI, RAMOS, REC-1, RPMI-8226, SC-1, SU-DH|-THP-1

Primary leukemia and lymphoma cells

Peripheral blood, bone marrow aspirates owurpleeffusions were
acquired from patients with diverse hematologic igmancies.
Mononuclear cells were purified by Ficoll-Paque sigagradient
centrifugation. We collected 26 primary samples -a@ite myeloid
leukemias (AML), 2 chronic myeloid leukemias (CMLS, mantle cell
lymphomas (MCL), 6 chronic lymphocytic leukemiasL{§, 1 diffuse
large B cell lymphoma (DLBCL), 1 follicular lympham(FL), 1 marginal
zone lymphoma (MZL), 1 acute lymphocytic leukenAdL).

Animals

For xenotransplantation of human leukemia dpthphoma cells
NOD.CgPrkdc™ 112rg™"/SzJ immunodeficient mice (Jackson
Laboratory, USA) were used.

Methods:

Cell culture

Cells were cultured in Iscove's modified Dalb&s medium (IMDM)
supplemented with 10% or 20% fetal bovine serum SFBNnd 1%
penicillin/streptomycin).

For apoptosis assays cells were incubated vatlous concentrations
of either roscovitine (R), TRAIL (T) or with thegombinations (R+T) for
24 hours and 48 hours. Similar single or combimedtinent regimen was
used also for K-562 and RAMOS cells treated with F&N FASL,
cycloheximide, actinomycin D, ABT-737, and TRAIL.n | caspase
inhibition experiments, K-562 and RAMOS cells were-treated with 100
MM Z-VAD-FMK, Z-IETD-FMK or Z-LEHD-FMK for 1 hour kefore
exposure to the particular drugs. In experimentth woscovitine pre-
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treatment, K-562 cells were incubated with rosdoeifor 3, 6, 12 and 24
hours. Subsequently, roscovitine was washed oufITRvas added and
apoptosis was measured 24 hours after additiorRéflT.

Proliferation assays

Flow cytometry
* Analysis of apoptosis
» Cell-mediated cytotoxicity assay
» Cell cycle analysis
e Cell surface expression of TRAIL receptors

Gene expression analysis

* Real-time RT-gPCR analysis

* Whole-genome gene expression profiling and datdyarsa
Western blotting

» Total and mitochondrial proteins extraction

» DISC immunoprecipitation by streptavidin-agarosade
* Western blotting

Lentivirus production and infection

Xenotransplantation and treatment
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RESULTS

Sensitivity of leukemia and lymphoma cells to TRAILinduced
apoptosis.

We have analyzed sensitivity to TRAIL-induceghoptosis in 21
established leukemia and lymphoma cell lines. Galy cell lines (i.e.
19%), K-562, THP-1, SC-1, and SU-DHL-1 were inhdserlrRAIL
resistant with less than 10% apoptosis after 24 eaposure to 1 pug/ml
TRAIL. On the other hand, four cell lines, JEKOJURKAT, NU-DHL-1,
and NU-DUL-1 were extremely TRAIL sensitive withghi percentage of
apoptosis after exposure to doses as low as 1-&@l.n§he majority of
cell lines tested exerted a certain degree of sefgiwhen high doses of
TRAIL were used.

Next, we have measured TRAIL sensitivity inf2émary cell samples
obtained from patients with diverse hematologicigmancies. Compared
to leukemia and lymphoma cell lines the vast majarf primary leukemia
and lymphoma cells were TRAIL resistant with lesant 10% apoptosis
after 24-hour exposure to 1pg/ml TRAIL in 19 (it8%) from 26 samples.
The most resistant samples were those obtained [amants with acute
myeloid leukemia (AML) (8/9, i.e. 88%), followed yLL samples (4/6,
i.e. 67%) and by MCL samples (3/5, i.e. 60%).

Resistance of leukemia and lymphoma cells to TRAIllirduced
apoptosis can be overcome by treatment with cyclidependent kinase
inhibitor roscovitine.

Roscovitine (seliciclib) is an inhibitor of din-dependent kinases
(CDK) [51] with selectivity towards CDK1, CDK2, COK CDK7 and
CDK9 [52]. Roscovitine was reported as a potantvitro inducer of
apoptosis in many primary hematologic malignanisddb, 48-50].

Treatment of 21 leukemia / lymphoma cell lirsasl 26 primary cell
samples obtained from patients with diverse herogiol malignancies
with roscovitine resulted in induction of apoptogsisa dose-dependent
manner. Roscovitine used at the low-toxic dose anjed TRAIL-
induced apoptosis above the additive effect in nested cell lines and
primary leukemia and lymphoma cells. Importantlysaovitine was able
to sensitize even TRAIL resistant cell lines K-562P-1, SU-DHL-1 and
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primary cells to TRAIL-induced apoptosis. Subsedlyenve tested if

roscovitine is able to sensitize cells not onlyTRAIL but also to other
death ligands. K-562 cells were more sensitive Ng-d-induced apoptosis
while RAMOS cells were more sensitive to FASL-indd@poptosis when
pretreated with low-toxic dose of roscovitine. Asath ligands, particularly
FASL are involved in cell-mediated cytotoxicity wasked whether
roscovitine could augment this type of cell de&tretreatment of RAMOS
cells with roscovitine indeed enhanced apoptositiéed by peripheral
blood mononuclear cells (PBMC) from a healthy donor

Roscovitine induces long-term proapoptotic changesf DISC without
affecting surface expression of death receptors.

To analyze molecular mechanisms of the cytotexnergism between
roscovitine and TRAIL we used TRAIL resistant K-5@2lls of the
myeloid origin and TRAIL sensitive RAMOS cells dfet lymphoid origin.
Both K-562 and RAMOS cells demonstrated significanttotoxic
synergism between roscovitine and TRAIL.

Preincubation of K-562 and RAMOS cells withsgase-8 (Z-IETD-
FMK), caspase-9 (Z-LEHD-FMK) or pan-caspase (Z-VAMK)
inhibitors suppressed the apoptosis induced by gwatibn of roscovitine
and TRAIL. This finding suggests that alteratiorfsboth extrinsic and
intrinsic apoptotic pathways might be involved e tobserved cytotoxic
synergism between roscovitine and TRAIL. To unpatential changes in
the extrinsic apoptotic pathway, we measured agflase expression of
TRAIL receptors, and analyzed formation of the DI8Croscovitine-
treated cells.

Cell surface expression of TRAIL death recepton K-562 and
RAMOS cells was not affected by exposure to rogowvifor 24 hours.
However, immunoprecipitation of DISC proteins fréime lysates of K-562
cells treated with biotinylated TRAIL and pre-expdsto roscovitine for
12 and 24 hours revealed enhanced processing of degpase-8 and
caspase-10 at the DISC. We also noticed lower $eoEIFLIP-L and its
pre-processed p43 form at the DISC of roscovitieated K-562 cells.

14



Roscovitine inhibits transcription and translation.

To reveal other potential mechanisms that migbntribute to the
observed drug synergism between roscovitine and ILR#e studied
MRNA expression of selected pro- and anti- apoptggines by real-time
RT-PCR 1.5, 3, 6, 12 and 24 hours after exposur&-862 cells to
roscovitine. Transcription of all tested genes stow gradual
downregulation with the maximum decrease at 12 haifter exposure to
roscovitine. At 24 hours the level of expressionnobst tested genes
returned to that of untreated controls or was éngher.

Next we analyzed gene expression of K-562 scakposed to
roscovitine using genome-wide lllumina HumanRef-8rags. We
identified 213, 859, and 430 genes downregulatechde than 2-fold, and
6, 133, and 362 genes upregulated by more thaidZdthowing exposure
to roscovitine for 1.5, 6, and 24 hours, respebtiv€he microarray data
clearly confirmed significant inhibitory effect afoscovitine on gene
transcription. Indeed, treatment of K-562 cells hwitoscovitine was
associated with decreased phosphorylation of s@iard serine 5 of the
carboxyl-terminal domain (CTD) of RNA polymerase iinplying
inhibition of transcription. Moreover, treatmenttiwiroscovitine induced
phosphorylation of the eukaryotic initiation facto alpha (elF-2) after
12 and 24 hours suggesting an inhibition of tramsia To test whether
inhibition of transcription or translation can siiae cells to TRAIL-
induced apoptosis we treated K-562 and RAMOS eetls actinomycin D
(inhibitor of transcription) and cycloheximide (ibftor of translation).
Both drugs sensitized K-562 and RAMOS cells to TRA&lduced
apoptosis.

Roscovitine induces gradual downregulation of cytdasmic MCL-1
and BCL-XL followed by upregulation of both proteins at 24 hours
after the exposure to roscovitine.

As treatment with roscovitine resulted in doggulation of many
transcripts, we decided to analyze protein expoessf selected pro- and
anti- apoptotic molecules by western blotting 356, 12 and 24 hours
after exposure to roscovitine. We observed gradieatnregulation of
some of the tested proteins (e.g. BCL-XL, MCL-1,RiWMA) during the
first 12 hours after exposure to roscovitine, whil€4 hours these proteins
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were all upregulated compared to untreated cellsohtrast, expression of
other proteins (e.g. BAK, BAD, or BCL-2) remaineiltwally unchanged
in response to roscovitine despite the fact they demonstrated similar
changes of mMRNA expression (i.e. downregulationngufi2 hours, and
upregulation after 24 hours). Using short hairgih) (RNA-mediated gene
expression silencing, we confirmed that downreguabf both MCL-1
and BCL-XL in K-562 cells indeed sensitized thelxéb TRAIL-induced
apoptosis. Interestingly, downregulation of BCL-X&nsitized K-562 cells
also to roscovitine-induced cell death. From thelyred proapoptotic
BCL-2 proteins we observed moderate upregulatioBAD, BAK, and
PUMA@ at 1.5 hours, and upregulation of PUMAt 24 hours.

Roscovitine-induced sensitization to TRAIL is depetient on the length
of the cell pre-incubation with roscovitine.

To elucidate which changes in protein expogssare relevant to
roscovitine-induced sensitization to TRAIL, we gadithe dependence of
TRAIL sensitization on the length of exposure of582 cells to
roscovitine. At least 12 hour pretreatment withcmgtine was required to
induce sensitization to TRAIL, but this sensitipatipersisted only for 6
hours. Cells treated with roscovitine for 24 howesmained sensitive to
TRAIL even 24 hours after roscovitine removal.

Roscovitine induces recruitment of both pro- and ati-apoptotic BCL-
2 proteins to the mitochondria.

At least 12 hour pretreatment with roscoviteygpeared essential to
induce sensitization of K-562 cells to TRAIL-indacapoptosis and was
associated with maximal downregulation of MCL-1 amCL-XL.
Maximal and long-lasting sensitization to TRAIL wesached after 24-
hour pretreatment with roscovitine, 24-hour expesuo roscovitine,
however, was associated with increased proteindefeMCL-1 and BCL-
XL compared to untreated cells. Since most of th& B2 family members
exert their apoptosis-regulating roles at the nhicodria, the protein
expression levels obtained from the whole cell tysanight not reliably
reflect potential compartment-specific changes loé tBCL-2 family
protein levels at the mitochondria. We analyzedtgino expression of
selected apoptosis-regulating molecules using imitodria isolates of K-
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562 cells treated with roscovitine for 3, 6, 12 &fdhours. Interestingly,
unlike the data obtained from the whole cell lysateeatment with
roscovitine resulted in a gradual increase in rhicocirial levels of all
tested pro- and anti-apoptotic proteins with thly @xception of PUMZA.
These results imply that antiapoptotic BCL-2 pnageimight sequester
proapoptotic BCL-2 proteins. Indeed, K-562 celkated with roscovitine
were more sensitive to ABT-737, an inhibitor of BEL BCL-XL and
BCL-W.

Roscovitine and TRAIL synergistically inhibit growth of leukemia and
lymphoma xenografts in immunodeficient mice.

K-562 cells engraft only inconsistently in imnodeficient mice, the
reason why these leukemia cells could not be usmd xEnograft
experiments. RAMOS and HBL-2 subcutaneously xerftgptanice were
treated with roscovitine and TRAIL, single-agents in combination.
Combined treatment of roscovitine and TRAIL sigrafitly suppressed
growth of both RAMOS and HBL-2 tumors compared togke-agent
approaches.

17



DISCUSSION

In the present study we determined the senginf diverse leukemia
and lymphoma cell lines and primary cells to TRAMhduced apoptosis
and measured the ability of CDK inhibitor roscawitito sensitize these
cells to TRAIL-induced apoptosis boith vitro andin vivo using a mouse
model of human lymphoma. Further, we analyzed nutéeanechanisms
responsible for the cytotoxic synergism betweenaaisine and TRAIL.

In our set of 21 established leukemia and lyompa cell lines only four
cell lines (i.e. 19%) were inherently TRAIL resistgdefined as less than
10% apoptosis after 24 hour exposure to 1pg/ml TRAThe majority of
cell lines tested exerted a certain degree of seibgi On the other hand,
the vast majority of primary leukemia and lymphoosls were TRAIL
resistant (19 from 26 samples, i.e. 73%). The cadsdifferent TRAIL
sensitivity between cell lines and primary samgesot clear. One of the
possible explanations could be immunoselective spires of TRAIL
exerted on tumor celis vivo[53].

Significant number of primary malignanciesniedl up to be TRAIL
resistant. However, a number of studies keep omrdeating that even
these resistant cancer cells could be sensitiz&@R&IL by various current
and emerging anti-cancer drugs [3&gcently, it was reported that glioma,
breast cancer, and thyroid carcinoma cells canensitized to TRAIL-
induced apoptosis by the purine analogue roscevitjdl-43]. R-
roscovitine (seliciclib) competes with adenosingphtosphate for its
binding site on CDK [51], and demonstrates seldgtitowards CDK1,
CDK2, CDK5, CDK7 and CDK9 [52]. Roscovitine was ogfed a potent
in vitro inducer of apoptosis in many primary hematologaligmant cells
[45, 48-50]. Therefore, we have tested if roscoeitis able to sensitize
leukemia and lymphoma cells to TRAIL-induced apsj#oRoscovitine
used at the low-toxic dose augmented TRAIL-indugpdptosis above the
additive effect in most tested cell lines and pmyndeukemia and
lymphoma cells. Importantly, roscovitine was able gensitize even
completely TRAIL resistant cell lines and primarglls. Moreover,
combination of roscovitine and TRAIL significanttyppressed the growth
of subcutaneous human lymphoma xenografts in imeheficient mice
compared to TRAIL or roscovitine used alone. Besi@®AIL, exposure
of K-562 and RAMOS cells to roscovitine increaseldoaapoptosis
induced by TNk and FASL, respectively. As the cytotoxic T and bidls
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were reported to use death ligands to kill targdlscwe asked whether
roscovitine could potentiate cytotoxic cell-meddhatelling of malignant

cells. Indeed, pretreatment of K-562 and RAMOSscellth roscovitine

enhanced the cell apoptosis induced by periphésatlbmononuclear cells
isolated from healthy donors. Roscovitine thus appdo augment anti-
tumor surveillance mediated by cytotoxic cells bk tinnate immune
system.

Next, we analyzed molecular mechanisms regiplenfor the cytotoxic
synergism between roscovitine and TRAIL. As expesaof K-562 and
RAMOS cells to roscovitine did not alter cell sudaexpression of TRAIL
receptors we suggest that roscovitine-induced muagtic changes should
be localized downstream. We have demonstrated abti@tation of the
initiator caspases -8 and -10 was significantly eneffective in cells
exposed to roscovitine compared to control cellis Tncreased cleavage
of caspases -8 and -10 might be explained at feasilly by decreased
recruitment of the caspase inhibitor FLIP to theSDl The precise
molecular mechanisms that drive recruitment of ithiator caspases to
the DISC in response to roscovitine remains to lbeidated. One of the
possible explanations could be enhanced stabdizdtaggregation of the
initiator caspases mediated by their ubiquitinglatby cullin-3-based E3
ligase [55]. Alternatively, decreased expressioncampetitive inhibitor
that impedes binding of initiator caspases to FAB&uld explain this
observation. Recently, DJ-1 oncogene was showorgpete with caspase-
8 binding to FADD thereby inhibits TRAIL-induced @posis [56]. As
expected, inhibition of caspase-8 suppressed TRiduced apoptosis in
roscovitine-treated cells. Interestingly, inhibitiof caspase-9 had similar
effect implying requirement for augmentation of thpoptotic signal
through the mitochondria. Previous studies ascrib&hIL-sensitizing
effects of roscovitine to the observed downregatatiof several
antiapoptotic proteins, namely MCL-1, XIAP and sunv [41-42].
Roscovitine-mediated  inhibition of transcription bydecreased
phosphorylation of CTD of RNA polymerase Il througthibition of
CDK7 [44] was considered as a mechanism responsibte the
downregulation of these short-lived proteins [4%-4f agreement with
previous data, we found decreased phosphorylatioi€TD of RNA
polymerase Il, and a decline in cellular mRNA lev@dllowing exposure
of K-562 cells to roscovitine. Our microarray datnfirmed the overall
inhibitory effect of roscovitine on transcriptios other established
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inhibitors of transcription and translation (namelgtinomycin D and
cycloheximid) also sensitize K-562 cells to TRANge assume that the
inhibition of transcription and/or translation cdulepresent evolutionary
old molecular triggers that would generally semsitcancer cells to the
death ligands-induced apoptosis.

Surprisingly, the gradual mRNA and protein downtatjan of MCL-1
and BCL-XL detected during the first 12 hours aftexposure to
roscovitine was followed by marked upregulationtltoédse molecules 12
hours later. As we have shown, at least 12-houtrgament with
roscovitine appeared essential to induce sensdiraif K-562 cells to
TRAIL-induced apoptosis. The roscovitine-induced ATRRsensitizing
effect persisted only for 6 hours. For long-lastgamsitization to TRAIL,
24-hour pretreatment with roscovitine was indispdies 24-hour exposure
to roscovitine, however, was associated with irsedaprotein levels of
MCL-1 and BCL-XL compared to untreated cells. Sinwast of the BCL-
2 family members exert their apoptosis-regulatingles at the
mitochondria, we analysed mitochondrial lysateskeb62 cells treated
with roscovitine and found gradual upregulatiorabftested pro- and anti-
apoptotic BCL-2 family members with the only exdeptof PUMAS.
These results are in contrast with previous repeisre downregulation of
antiapoptotic proteins was proposed as sensitimmieghanism. None of
these studies, however, determined the expresdidhese proteins on
mitochondrial level. Based on the concomitant upl&tipn of both pro-
and anti- apoptotic proteins on mitochondria foilogv exposure to
roscovitine, we suggest that the main mechanisnwhigh roscovitine
sensitizes leukemia and lymphoma cells to TRAILdiced apoptosis
could be mitochondrial priming for death. In seVgnavious reports BH3
profiling technique evaluating the response of ofitlndria to the peptides
derived from the BH3 domains of proapoptotic BH3yoproteins was
used to identify apoptotic defects in cancer cfi&58]. This technique
identified three classes of apoptotic block thatcea cells use to survive.
The first block (or class A block) is characterizgdlow expression of the
activator BH3-only proteins. In the second block ¢tass B block) the
proapoptotic proteins Bax and/or Bak are eithereab®r functionally
defective. In the third block (or class C blockll€express high amount of
antiapoptotic BCL-2 proteins that are primed wittHRBonly protein
activators, or activated Bax or Bak. These celésraferred to as primed
for death. Inhibition of the antiapoptotic proteingrimed cells (compared
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to unprimed cells) results in induction of apoptodf-562 cells treated
with roscovitine were more sensitive to ABT-737,iahibitor of BCL-2,
BCL-XL and BCL-W. We hypothesize that this occugsdisplacement of
proapototic BH3-only proteins from antiapoptotic IBZ family proteins,
and subsequent activation of Bak/Bax. It was shtven treatment of K-
562 cells with TRAIL induces redistribution of BQfamily members
without induction of apoptosis (as K-562 cell lie TRAIL resistant).
Specifically, PUMA and BIM increasingly bind to M€l and tBID to
BCL-XL [59]. Such rearrangement of BCL-2 family meens in
roscovitine-treated (primed) cells could trigger opjosis. Proposed
mechanism of roscovitine-mediated sensitizatioK-662 cells to TRAIL-
induced apoptosis is shown in Figure 1.

We demonstrate that roscovitine sensitizegdeua and lymphoma
cells to TRAIL and other death ligands and pote¢esacell-mediated
cytotoxicity. Proapoptotic changes at the DISC anghchondrial priming
for death represent in our opinion two major molacumechanisms
responsible for the observed roscovitine-induceaasiseation to TRAIL
and potentially also to cell-mediated cytotoxicity.

21



ABT-737m

l % BH3 only
Mcl-1
ADI ALSa @ BolxL
& Bcl-2
¢ Bak

* Bax
Roscovitine l ABT-77

Dgd AR
N = 4

Figure 1. Proposed mechanism of roscovitine-mediale sensitization to
TRAIL-induced apoptosis. Roscovitine induces upregulation of pro- and anti-
apoptotic BCL-2 family members on mitochondria. iapbptotic BCL-2 family
proteins sequester proapoptotic BH3-only proteiBgposure of roscovitine-
treated K-562 cells to ABT-737, inhibitor of BCL-BCL-XL and BCL-W
induces apoptosis by displacement of proapototic3BHly proteins from
antiapoptotic BCL-2 family proteins that in turntiaate Bak/Bax. Similarly,
treatment of primed (roscovitine-treated) cellshwitRAIL activates apoptotic
cascade due to TRAIL-induced redistribution of BZLfamily members in
roscovitine-primed cells.
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CONCLUSIONS

The present study provides experimental eviderate th

* the majority of leukemia and lymphoma primary celte resistant
to TRAIL-induced apoptosis compared to leukemia lgngphoma
cell lines

e an inhibitor of cyclin-dependent kinases roscowtiis able to
sensitize most of leukemia and lymphoma cell liaad primary
cells to TRAIL-induced apoptosis

* roscovitine sensitizes leukemia and lymphoma cd#ie to TN
and FASL and enhances cell-mediated cytotoxicity

e combined treatment with roscovitine and TRAIL sfgantly
suppressed the growth of subcutaneous human Iyngphom
xenografts in immunodeficient mice compared to ovge or
TRAIL used alone

e treatment with roscovitine does not change surtageession of
DR4 or DR5, however, enhances processing of initiedspases at
the DISC

» treatment of K-562 cells with roscovitine increasaisochondrial
levels of both pro- and anti- apoptotic BCL-2 famjproteins
which implies that roscovitine induces mitochonddpaming for
death
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