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The dissertation is written on 373 pages and includes 49 tables, 70 figures and
16 applications. The bibliography includes 273 articles, 5 in Bulgarian language and
268 in English language.

The dissertation was discussed on 26 of Juny 2007 on an extendet session of
the Department of Pharmacology, Pharmacotherapy and Toxicology, Faculty of
Pharmacy, Medical University of Sofia and was approved for submition to the
Specialized Scientific Counsil for Physiology, Pathophysiology and Pharmacology of
the Superior Certifying Commission.

The PhD-student Maya Zaharieva is a doctorant in the Department of
Pharmacology, Pharmacotherapy and Toxicology, Faculty of Pharmacy, Medical

University of Sofia.

The promotion of the dissertation will take place on November 29, 2007 at
1:30 pm, in the conference hall of the Institute of Plant Physiology at the Bulgarian
Academy of Sciences, Acad. G. Bonchev ”, bl. 21, 2" floor, at an open session of the
Specialized Scientific Counsil for Physiology, Pathophysiology and Pharmacology of
the Superior Certifying Commission.

The dissertation is available in the library of the Institute of Neurobiology,

Bulgarian Academy of Sciences, “Acad. G. Bontchev” Str. 23, 2 floor.
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ASO, ASO
ADX

Abl

Bad

Cdk
CFUs
CML
hpRNA
LTBMCCs
NSO
PCR
PKB
PTEN
gPCR
Rb
RNA
RNAI
WT

Abbreviations

Antisense oligonucleotide

Alkylphosphocholines

Abelson tyrosine kinase

Proapoptotic protein related to the mitochondrial way for apoptosis
induction

Cyclin dependent kinases

Colony Forming Units,

Chronic myeloid leukemia

hairpin RNA

Long Term Bone Marrow Cell Cultures
Nonsense-oligonucleotide

polymerase chain reaction

Protein kinase B

Phosphatase and tensin homolog on chromosome ten
quantitative PCR

Retinoblastoma protein

Ribonucleic acid

RNA-interference

wild type cells
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Introduction

Treatment of malignant tumors follows therapeutic schemas with various
cytostatic drugs, which differ in pharmacodynamics and pharmacocynetics. Often
their therapeutic effect is accompanied by serious side effects on various organs and
systems. Most of the cytostatics have a pronounced suppressive effect on the
hematopoietic system, with leukopoiesis being most severely affected. The leukopenic
effect is desirable in hemoblastosis, but the use of aggressive cytostatic combinations
or long-term polychemotherapy in the treatment of neoplasms can cause severe drug-
induced leukopenia and granulocytopenia, conditions that require costly and not
always effective treatment with recombinant growth factors and systematic
haemotransfusions. Drug-induced bone marrow aplasia in many cases has progressive
development and poor prognosis due to the presence of anemia, hemorrhage and the
risk of secondary infections. In this regard, the study of cytostatic compounds with
low hematological toxicity is particularly relevant and important for therapeutic
practice. Alkylphosphocholines combine the presence of a cytotoxic effect on
malignant transformed cells with stimulation of hematopoietic progenitor cells.

Today, there is an increasing emphasis on the thesis that malignant diseases
can be long-lasting and well controlled with modern pharmacological agents. In this
regard, the development of new drugs that are modulators of pathological signal
transduction, as well as the development of new therapeutic drug regimens, will allow
to achieve good pharmacological control and reduce or eliminate the

myelosuppressive effect of conventional cytostatics.
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AIM AND OBJECTIVES

I. Aim

The aim of the present study was to determine the cytostatic effect of the
alkylphosphocholine erufosine on a panel of tumor cell lines when used alone and
in combination; to elucidate the mechanisms of selective cytotoxicity, its effect on

normal hematopoietic cells and on various signaling biomolecules.

I1. Objectives

1. 1. To determine the cytotoxic and antiproliferative effect of erufosine on a
spectrum of leukemic and tumor cell lines by comparative analysis of the 1Cso-
values.

2. To create long-term cultures from normal mouse bone marrow on which to
study the protective effect of erufosine against hematopoietic cells in single
and combined use.

3. To determine the effect of combinations between erufosine and classical
cytostatics on a panel of leukemic cell lines.

4. To determine the effect of erufosine in combination with antimetabolites or
anthracycline antibiotics on the distribution of cells in the different phases of
the cell cycle by flow cytometric analysis.

5. 5. To determine the influence of erufosine on the reorganization of lipid rafts
in the cell membrane and their components with respect to the signaling
molecules BCR-ABL, ABL and PKB/AKT.

6. To investigate the effect of erufosine on proteins of signal transduction
pathways, including the oncoprotein BCR-ABL, cell cycle regulation and
apoptosis - Rb, PKB / AKT, PTEN, p27, Bad, BCL-XL, caspase 8 and caspase
9.

7. To determine the cytotoxic effect of erufosine on leukemic cell line models

with suppressed retinoblastoma protein Rb.
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1.

MATERIALS AND METHODS*

Drugs
Erufosine, Imatinib, Epirubicine, Bendamustine, Cytosine arabinoside (Ara C),

Pemetrexede u Gemcitabine.

2.

o

8.

9

Cell lines
2.1. Malignant cell lines
K-562, BV-173, SKW-3, LAMA-84, AR-230, HD-MY-Z, HuT 78, KM-H2,
MDA-MB, SAOS-2, 293T HEK
2.1. Primary cell lultures
Mouse haematopoietic cells, isolated from mice ICR and C57/BI6
Cell culturing
3.1.Culturing of human cell lines.
3.2.Cultivation sof long term bone marrow cell cultures
Assay for in vitro evaluation of cell vitality and proliferation
4.1 MTT-test
4.2.Combined application of two and more drugs
4.3.CFU-assay
Flowcytometry for cell cycle analysis
Molecular biology methods for gene expression analysis
6.1.Cryopreservation of cell samples for DNA and RNA analysis
6.2.1solation and prification of total RNA from eukaryotic cells
6.3.Lysis of eukaryotic cells for protein isolation
6.4.Isolation of proteins from lipid rafts
6.5.Determination of protein concetrations using the Pierce BSA Protein Assay
6.6.Protein separation in PAAG
6.7.RT-PCR
6.8.PCR
6.8.1. Conventional PCR
6.8.2. Dwtermination of positive clones with the virus vector pLL 3.7
6.8.3. Quantitative PCR
6.9.DNA separation by electrophoresis
6.10. Immunoblot
Recombinant DNA technology
7.1.DNA annealing
7.2.Preparation of dsDNA fragments for cloning plasmid vectors
7.3.Clonin gof dsDNA into the vector pSUPER - ligation
7.4.Selection of positive clones with the pSUPER vector in electrocompetent E.
coli (DH 10B)
7.5.Cloning of H1-shRNA cassette from the pSUPER vector into the virus vector
pLentiLox 3.7
Purification of nucleic acids
Restriction analysis of plasmids in agarose gel

10. DNA sequencing
11. Transduction of nucleic acid fragments into cells in vitro

11.1. Transfection of nucleic cells into prokaryotic cells
11.2. Transfection of nucleic cells into eukaryotic cells
11.2.1. Unstable transfectio with cationi arriers
11.2.2. Transduction with lentiviruses — stable transfection
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11.2.3. Evaluation of the transfectoin effectivness
12. Preparation of samples using cytospin
13. Statistics

RESULTS AND DISCUSSION

The main results are published in the following two articles:

Erufosine

A Membrane Targeting Antineoplastic Agent
with Signal Transduction Modulating Effects

MM. ZAHARIEVA 2 S M. KONSTANTINOV 24 B. PILICHEVA ®
M. KARAIVANOVA ® AND M.R. BERGER®

SUnit of Toxicology and Chemotherapy, German Cancer Research Center,
69 120 Heidelberg, Germany

b L aboratory for Molecular Pharmacology and Experimental Chemotherupy.
Department of Pharmacology and Toxicology. Medical Untversity of Sofia.
1000 Sofia, Bulgaria

ABSTRACT: The ether lipid analog erufosine (erucylphospho-NNN -
(rimetiny ipropy lammonium, ErfPC3) has high activity against keukemic
cells without affecting (he normal hematopolesis. It belongs to the group
of alkyiphosphocholines (APC) that are iInhibitors of prolein Kinase C
and phospholipase C. However, the mechanism of action of erufosine
remains rather unclear. We focused on combination effects with the (y-
rosine Kinase Inhibitor imatinid mesylate (gheevec, former STI-S71 or
CGP-5714%) against two chronkc myelold leukemia (CML)-derived cell
lines (K-562 and BV-173). The inNuence of erufosine on proteins imvolved
In the phosphatidylinositol-3-phosphate pathway and on expression of
the retinobiastoma protein RD was studied, (he latter being 2 Key com-
pomu«u«mummmm-una-mmnm
consecutive treatment of K-562 and BV-173 cells with erufosine (2.5, S,
15, 30 pM) and imatinid mesylate (0.05, 0.1 pM) led to synergism as
measured by the MTT-dye reduction assay and this Is reason (o hypothe-
size (hat such combinations could be beneficial for relapsed patients with
drug-resistant disease. Whole cell Iysates from K-562 and BV-173 were
Investigated for the expression of Rb, PKEB/AKL pAKL and p27 by West-
ern blol. Erufosine caused decreases of pAKkt and CML fusion protein
P210 (BCR-ABL) protein expression, but induced the Rb protein expres-
sion In K-562 cells. A paraliel increase in p27 level was observed after 24
and 48 h treatment. These alierations in signal transduction could be an
explanation for the drug interaction found. Furthermore, RD Is a sub-
sirate of caspases and Is cleaved during apoplosis as already evidenced
for BV-1713 cells. Our experimental findings sugpest that erufosine acts
through induction of changes in protein signaling and especially through
RD Induction. This unique mode of action makes It an attractive partner

e 2 Zahanewa, | for Moleculsr Pharmac =d E
msw-&sc \Iq Mc? o~ m-“" odelrl‘
Deazv Street, 1000 Sofin, Bagara \b-cc +39.2.5234650%, 15%.-!324-777; fax: +355.2.9579874

e-mail: zadaneval6l yahoo com.

Ase NY. Acad Sci 1995: lll-l’lll“'i © 2007 New York Academy of Sciemces,
doi: 10.1196 annals 1397022
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OBOBLIEHU PE3YJITATHU U U3BOAU

1. The cytotoxic effect of Erufosine in four leukemic cell lines, three lymphoma cell
lines and two cell lines derived from solid human tumors was studied and data on
the spectrum of its cytostatic activity were obtained. A comparative bioevaluation
of the efficacy of alkylphosphocholine in aqueous-ethanolic solution and liposome
suspension was performed.

1.1. Erufosine is characterized by pronounced cytotoxicity in cells with lymphoid
phenotype - SKW-3, BV-173 and in MDA-MB cells, relatively lower
cytotoxic effect - in myeloid cell lines and least cytotoxicity - in HD-MY-Z
lymphoid cells and cells originating from osteosarcoma SAOS-2.

1.2. The inhibitory concentrations ICso of the aqueous-ethanolic solution of
Erufosine are about twice as low in all cell lines except K-562 asompared to
the ICso of the liposome form, with maximal cytostatic effect being equivalent
at high concentrations.

2. The effect of Erufosine on the clonogenic capacity of K-562 cells was studied and
evidence of an antichlonogenic effect was obtained. The liposome form achieves
less pnounced inhibition of cell colony formation (up to 43% inhibition) than the
aqueous-ethanol solution (up to 60% inhibition)

3. For the first time, a protective effect of erufosine on hematopoietic cells was
found when used in combination with Bendamustine, Epirubicine, Ara C,
Pemetrexed and Gemcitabine.  Erufosine reduces cytostatic-induced
myelosuppression.

4. For the first time, in vitro interactions between Erufosine and the cytostatics
Bendamustine, Ara C, Epirubicine and Imatinib in leukemic and lymphoma cell
lines have been obtained. Achieving synergism, additive effect or antagonism
depends on the sequence of administration of the compounds, the concentrations
administered and the type of cell line.
4.1.Synergism has been established in the action of Erufosine and Imatinitb or

Epirubicine, with the initial application of alkylphosphocholine; synergism is
achieved in combination with Bendasmustine or Imatinib, with subsequent
administration of Erufosine.

4.2 Antagonistic interactions have been identified between Erufosine and

Bendamustine or Erufosine upon initial administration of Erufosine;

Investigation of the pharmacodinamic effects of erufosine on malignant and normal haematopoietic
cells
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antagonism is also present in the combination of Erufosine and Epirubicine,
with subsequent administration of the alkylphosphocholine.

4.3.4.3. The combinations Erufosine/Ara C and Epirubicine/Erufosine are defined
as irrational.

Erufosine alone slightly alters the distribution of cells in the different phases of the

cell cycle. When used in combination with Epirubicine, the cell fraction in phase

G2 is increased. When used in combination with Ara C, the cells in the sub-G1

fraction increase.

Erufosine affects the phosphoinositol PIP3 system and biomolecules of the

apoptotic signaling pathways.

6.1.Erufosine inhibits protein kinase B activity and increases the cyclin E/CDK2-
inhibitor protein p27 expression.

6.2.Erufosine stimulates the proapoptotic protein Bad, but this effect is followed
by increased expression of the proapoptotic protein Bcl-xL.

Erufosine as a membrane-active compound alters the distribution of the

oncoprotein BCR-ABL and protein kinase B in lipid rafts. Erufosine reduces

BCR-ABL expression, which may explain the cytostatic effect in myeloid cell

lines expressing BCR-ABL oncoprotein.

8. Erufosine stimulates the expression of the retinoblastoma protein Rb, increasing

its level in leukemic cells, thereby helping to slow and stop proliferation.

Two models of cells with transient or stably suppressed Rb-expression have been

developed and the importance of Rb-induction for the mechanism of action of

Erufosine has been established.

9.1.Erufosine stimulates Rb-protein expression under conditions of transient
suppressed Rb-expression in BV-173 cells.

9.2.The sensitivity of BV-173 and SKW-3 cells to erufosine decreases under
conditions of suppressed Rb expression induced by antisense oligonucleotides
or RNA sequences.

Investigation of the pharmacodinamic effects of erufosine on malignant and normal haematopoietic
cells
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Scientific contributions

I. Contributions related to the determination of the effect of Erufosine on tumor-

transformed and normal hematopoietic cells.

1. Data on the presence of cytotoxicity of the alkylphosphocholine erufosine on
tumor-transformed cells of wvarious origins have been confirmed. This
complements the characterization of erufosine as a compound with cytostatic
activity and determines the spectrum of its action in vitro.

2. For the first time, a protective effect of Erufosine on hematopoietic cells was
found when used in combination with Bendamustine, Ara C, Epirubicine,
Pemetrexed and Gemcitabine.  Erufosine  reduces cytostatic-induced
myelosuppression by 10-100%. At a concentration of 30 uM, Erufosine is not
toxic to mouse bone marrow cells.

I1. Contributions related to the in vitro interaction between erufosine and clinically

administered cytostatics.

Interaction data between erufosine and cytostatics bendamustine, ara c,
epirubicine and imatinib in leukemic and lymphoma cell lines were obtained for the
first time in vitro. The presence of synergism, antagonism and additive effect was
determined, depending on the type of cell line, the concentration of cytostatics and the
sequence of their application. These data allow the development of therapeutically
useful combinations and eliminate the possibility of compiling combined regimens in
which antagonism in the effects is possible. We believe that cellular test systems are
an appropriate model for pre-screening the type of drug interactions, which can
facilitate the selection of the components of the combined scheme and the sequence of
their application.

1. VcraHoBeH e cuHeprum3bM B edektute Ha Erufosine mpu mnocnemoBarenHo
npuioXKeHne B ciaenHuTe komOuuarmu: Bendamustine/ Erufosine; Imatinib/
Erufosine; Erufosine/ Imatinib; Ara C/ Erufosine npu kierbunara nuaus K-562;
Erufosine/ Epirubicine mpu xnerbunurte quauun HD-MY-Z, K-562, BV-173, AR-
230.

2. Antagonism between Erufosine and cytostatics was determined in the
combinations: Erufosine/Bendamustine; Ara C/Erufosine at the AR-230 cell line;
Erufosine/Ara C; Epirubicine/Erufosine in cell line K-562.

I11. Contributions to elucidating the mechanism of action of erufosine.

Investigation of the pharmacodinamic effects of erufosine on malignant and normal haematopoietic
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1. For the first time in K-562 cells, data were obtained on the inhibitory effect of
Erufosine on protein kinase B and the increase in the expression of cyclin E /
CDK2-inhibitor protein p27. These results confirm available literature data on the
effect of other alkylphosphocholins on protein kinase B expression in other cell
lines. They help to elucidate the mechanism of action of erufosine in relation to
the antiproliferative effect and to stop the progression of the cell cycle in the G1
phase.

2. The effect of Erufosine on Bcl-2 family proteins was determined for the first time.
Erufosine stimulates the expression of the proapoptotic protein Bad, which
promotes cell apoptosis. The subsequent overexpression of the antiapoptotic
protein Bcl-xL is likely to be a protective cellular mechanism to restore the
induced cellular imbalance between apoptotic and antiapoptotic pathways. This
may be the probable reason for the resistance of the surviving K-562 cells to
erufosine at concentrations in the range of 12.5 - 50 uM.

3. For the first time, the effect of Erufosine on the relationship between BCR-ABL
oncoproteins and lipid shelves in the cell membrane was determined. Recruitment
of BCR-ABL in lipid fractions containing lipid rafts was found. By this
mechanism, erufosine inhibits the interaction of the oncoprotein with its cellular
substrates. In parallel, a decrease in BCR-ABL expression was observed under the
action of erufosine, which is an important mechanism for its cytotoxic effect
achieved in myeloid cells expressing the fusion oncoprotein.

4. For the first time, the effect of erufosine on the expression of the retinoblastoma
protein Rb, a cell cycle regulator, was determined. Rb protein induction has been
shown to be important for the cytotoxicity of Erufosine as it modulates the Rb
signaling pathways involved in the mechanism of action of alkylphosphocholine.
4.1. Erufosine increases the level of Rb in leukemic K-562 cells, which affects the

regulation of the cell cycle and contributes to the inhibition of tumor
proliferation.

4.2. The significance of Rb induction was clarified by cell models developed by us
(by known technology) with transient Rb deficiency and stably suppressed Rb
expression, which have an original character. The induction of Rb plays a key
role in the modulation of signal transduction induced by Erufosine, which is a

significant original contribution to elucidating the pharmacodynamics of the

Investigation of the pharmacodinamic effects of erufosine on malignant and normal haematopoietic
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new antineoplastic agent Erufosine with missing myelosuppressive activity

and stimulating normal hematopoiesis.

4.2.1. MTT test and CFU analysis revealed a decrease in the sensitivity of
leukemic populations of BV-173 and SKW-3 cell lines to the action of
erufosine after suppression of Rb expression.

4.2.2. Erufosine treatment largely restored the initial level of retinoblastoma
protein expression in the BV-173 cell line.

Pharmacodynamic studies to determine the cytotoxic effect of Erufosine and

its safety profile on hematopoietic cells suggest that Erufosine as a representative of
alkylphosphocholines is a promising antitumor compound with membrane-active

properties and inhibitory or stimulatory effects on various biologic cells..
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