
Id e n t if ic a t io n  o f  n o v e l  t u m o r  a s s o c ia t e d  p r o t e in s

AFFECTING CELL DEATH

András Szigeti, MD 

Medical University of Pécs, Hungary

Program leader: Professor Balázs Sümegi, DSci

2007.



TABLE OF CONTENTS

Abreviations.......................................................................................................  3

Introduction.......................................................................................................  4

Aims of the s tu d y .............................................................................................. 6

Materials and M e th o d s .................................................................................... 7

Results................................................................................................................. 13

Discussion..........................................................................................................  28

General conclusions..........................................................................................  33

Acknowledgements..........................................................................................  36

References..........................................................................................................  37

Publications.......................................................................................................  43

Abstracts.............................................................................................................. 45

Presentations.......................................................................................................  47

2



ABBREVIATIONS

BSA. bovine serum albumin;

CsA. Cyclosporine A;

DMHM. Dulbeeeo’s modified hagie’s medium;

ESI', expressed sequence tag;

FCS, fetal calf serum;

FITC, fluorescein isothiocyanate;

IPTG, isopropyl-b-D-thiogalactoside; 

mPT, mitochondrial permeability transition;

MTT, methylthiazolyldiphenyl-tetrazolium bromide;

PBS, phosphate-buffered saline;

PI, propidium iodide;

PMSF, phenylmethylsulfonyl-fluoride;

PTP, permeability transition pore;

ROS, reactive oxygen species;

SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophores 

TBS, tris-buffered saline;

TIP47, tail interactong protein of 47 kDa
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INTRODUCTION

Tumor associated proteins are investigated worldwide to obtain a better understanding 

of the behavior of tumor growth and development or even of tumor therapy. Several proteins 

have been studied by our team in the last few years such as Heme Binding Protein 2 / SOUL 

or Heat Shock Protein 16.2 (HSP16.2). In this study the effect of these proteins on cell death 

is described.

Heme and porphyrines have high chemical reactivity and are poorly soluble in 

aqueous solutions. They are known to be good catalysts of the formation of activated oxygen 

species [Halliwell et al. 1984, Tappel et al. 1955, Gutteridge et al. 1988, Vincent et al. 1988] actively 

promoting free radical reactions leading to damages to biological molecules. Heme and the 

intermediates of heme synthesis have to be bound by cytosolic heme-binding proteins to 

avoid the formation of large aggregates in aqueous solutions such as the cytosol [Taketani et al. 

1998 7vlka et al 1999. Jacob Blackmon et al. 2002], Recently a number of heme-binding and 

heme-transport proteins have been described that bind heme and porphyrines in sub 

micromolar concentrations [Taketani et al. 1998, Zylka et al. 1999, Jacob Blackmon et al. 2002], 

Heme-binding protein 1 (HBP22) is a ubiquitously expressed protein having high affinity for 

heme and protoporphyrine [Jacob Blackmon et al. 2002], More recently, heme-binding protein 

2 (SOUL) was identified [Jacob Blackmon et al. 2002]. SOUL is expressed just in some 

specific tissues, has more than 40% sequence homology with HBP22, and has much higher 

binding affinity for porphyrines than HBP22 does, having Kd in the nM range [Sato et al. 

2004]. Although its chemical and heme-binding properties were described, almost no 

information is available on its physiological function.

Role of heme-containing proteins in the regulation of cell death and survival are well 

characterized. They can affect formation of reactive oxygen species (ROS) hence induction of 

direct oxidative damages as well as induction of mitochondrial permeability transition (mPT) 

[Hermes-Lima et al. 1995]. mPT was strongly implicated in both apoptotic and necrotic cell 

death [Green ct al. 1988, ICroemcr ct al. 2000], Various stimuli, including elevated 

intracellular Ca2' concentration, induce the opening of a megachannel in the inner 

mitochondrial membrane leading to equilibration of the ions within the intermembrane space 

(and thus the cytosol) and the mitochondrial matrix, dissipation of the mitochondrial 

membrane potential (A\|/) and uncoupling of the respirator)' chain. Numerous agents, 

including CsA can prevent the opening of the PTP. Dissipation of Aq/ induces the release of
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ultimately in apoptotic cell death [Green et al. 1988, Kroemer et al. 2000], The volume 

disregulation following the opening of the PTP causes swelling of the matrix, leading to 

membrane disruption and finally necrotic cell death [Kroemer ct al. 2000],

Searching NCBI database, we noticed homology between the amino acid sequences of 

LOL5 1 öö8 and uiphaB-ciysiuiiin. Since small heui shuck puucins, which interact with 

various components of the programmed cell death machinery upstream and downstream of 

the mitochondrial apoptotic events [Arrigo et al. 2002, Kamradt et al. 2005] are homologous 

to alphaB-crystallin [Sun et al. 2005, Parcellier et al. 2005], it raised the possibility that 

LOC51668 may have a physiological role similar to that of small heat shock proteins. To 

indicate this putative physiological role, we used the name small heat shock protein 16.2 

(HSP16.2) for LOC51668 further on.

Unlike heme-containing proteins, effects of heme-binding proteins on the processes 

involved in cell survival and death are poorly characterized. For this reason, we studied the 

effect of SOUL on etoposide-induced, hydrogen-peroxide- or Taxoi-induced cell death and 

compared to other proteins such as HSP 16.2 or TIP47. The effect of SOUL was also 

evaluated on phenomena such as ROS formation or the mitochondrial permeability transition 

both in living cells and in vitro in isolated mitochondria.
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AIMS OF THE STUDY

1. Characterization o f SOUL protein in different tissues.

2. Effect of SOUL and HSP16.2 on cell death process.

3. Consequences of suppression of SOUL or HSP16.2 expressions by siRNA.

4. Effect of SOUL on ROS-production.

5. Effect of SOUL on the mitochondrial permeability transition and on the 

Mitochondrial Membrane Potential (A\|/)

6. Role of mitochondrial permeability transition in SOUL-induced cell death 

process.

7. Flow cytometry analysis of SOUL induced cell death process.
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MATERIALS AND METHODS

M aterials

Taxol was obtained from Bristol Arzneimittel GmBH (München. Germany). All the 

chemicals for cell culture, cyclosporine A (CsA). A23187. methylthiazolyldiphenyl- 

tetrazolium bromide (MTT). carbonyl cyanide 3-chlorophenylhydrazone (GGGP). isopropyl 

P-D-l-thiogalacto-pyranoside (1PTG), propidium iodide (PI), tetramethylrhodamine 

methylester (TMRM) and rhodamin-1,2,3 (Rh-123) were purchased from Sigma-Aldrich Kft 

(Budapest, Hungary). Fluorescent dyes 5,5’,6,6’-tetracloro-l,r,3,3’-tetraethyl- 

benzimidazolylcarbocyanine iodide (JC-1), fluorescein-conjugated Annexin V were from 

Molecular probes (Leiden, Netherlands). The following antibodies were used: anti-rabbit IgG 

(Sigma-Aldrich Kft, Budapest, Hungary) anti-cytochrome c monoclonal antibody 

(Pharmingen, San Diego, CA), anti-AIF and anti-endonuclease G polyclonal antibodies 

(Oncogene, San Diego, CA). Anti-rabbit IgG Fluorescein-conjugated Annexin V, 5-(and-6)- 

carboxy-2',7'-dichlorodihydrofluorescein diacetate (C-400) and N-aeetyl-8-dodecyl-3,7- 

dihydroxyphenoxazine (dihydro-resorutin) were from Molecular Probes (Leiden, 

Netherlands). Human tissue and sera from patients were provided by the Medical University 

of Pécs Department of Pathology and Oncotherapy. All tissue samples were obtained after 

approval by the local Ethics Committee.

Full-length SOUL cDNA synthesis

Full length SOUL cDNA was isolated by PCR amplification using 4 jag of total placental 

RNA (Invitrogen) and specific primers designed using the complete cDNA sequence of 

SOUL from NCBI database. The resulting PCR fragments were inserted into pUC57-T 

cloning vector (Gibco BRL, USA). Insert-containing clones were selected. Plasmid 

preparation was carried out with QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA). cDNAs 

were sequenced by primer walking. Sequencing by the dideoxynucleotide chain termination 

chemistry was performed by Taq BigDye terminator cycle sequencing using an automated 

ABI PRISM 310 Genetic Analyzer (Perkin-Elmer, USA).
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D atabank search

SOUL cDNAs were compared to different ESTs and genomic databases by BLAST algorithm 

[Altschul et al. 1997], Alignment of SOUL cDNA and related ESTs to genomic sequences 

were performed with LocusLink [Pruitt et al. 2001], all provided by NCBI (Bethesda, MD, 

USA). Multiple amino acid sequence alignment of SOUL to its homologucs were carried out 

with ULUS 1 ALW [Thompson et ai. 1994] ai EMB-nci (Lausanne, C li).

C onstruction o f bacterial SOUL expression plasmids

The whole open reading frame of SOUL was cloned into pGEX-4T-l expression vector 

(Pharmacia, Uppsala, Sweden), pcDNA3.1 (Invitrogen) and pEGFP-Cl (BD Bioscicnccs) 

mammalian vectors.

Expression and purification of SOUL

The SOUL-pGEX-4T-l expression vector was transformed into E. coli DH5a competent host 

strain. After isolation of the plasmid, it was transformed into E. coli BL21 host strain. 

Bacteria were induced with IPTG, and the expressed SOUL-GST fusion protein was 

subsequently purified with Glutathione Sepharose 4B column (Pharmacia, Uppsala, Sweden) 

in the presence of glutathione, after which thrombin cleavage was carried out.

Preparation of polyclonal antibodies against SOUL

Rabbits were immunized subcutaneously at multiple sites with 100 pg of recombinant SOUL- 

GST fusion protein in Freund's complete adjuvant. Four subsequent booster injections at 4- 

week intervals were given with 50 pg of protein in Freund's incomplete adjuvant. Blood was 

collected 10 days after boosting, and the antiserums were stored at -20°C. IgG-s were purified 

from preimmune or immune sera by protein G-Sepharose (Pharmacia, Uppsala, Sweden) 

chromatography according to the manufacturer’s protocol.

Blood and tissue samples

Specimens (n=39) were collected from different types of human tissues. Normal fetal (n=12) 

and adult (n=25) or tumorous tissues (n=6) were investigated. After homogenization by 

ultraturrax in standard Laemmli sample solution containing 1 mM PMSF, all the samples 

were ultracentrifuged (10,000 g for 10 min), the supernatants were then measured by

samples were stored at -20°C until assay.
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Cell culture and sample preparation
NIH3T3 and HeLa cells were purchased from the American Type Culture Collection 

(Manassas, VA). All cell lines were maintained in DMEM supplemented with 10% FCS, 2 

units/ml penicillin-streptomycin mixture (Flow Laboratories, Rockville, MD) and incubated 

in 5% COo - 95% air at 37°C. Cells were harvested by a pipett after trvpsination and low- 

speed centrifuged, then the pellet was dispersed by vortexmg in lysis buffer p u  niivi Iris pii 

7.4, 1 mM PMSFj for 10 min at 4°C. After further cell disruption in a Tcllon/glass 

homogenizer, the homogenate was pelleted, and the supernatant was measured by BCA 

reagent and equalized for 1 mg/ml protein content in Laemmli solution for Western blotting.

Western blot analysis
20 ng/lane protein of tissue, cell culture or mitochondrion samples were subjected to 12 % 

(w/v) SDS/PAGE (BioRad, Flercules, Ca, USA). Immunoblots were blocked, and developed 

with polyclonal anti-SOUL antibody or polyclonal antibodies against the signal transduction 

pathway proteins; and horseradish-peroxidase-labeled secondary IgG as described in 

Sambrook, Fritsch and Maniatis [Sambrook et al. 1989], Protein bands were revealed by ECL 

chemiluminescence system. All experiments were repeated four times.

Stable transfection

Full length SOUL cDNA was PCR amplified and the construct was subcloned into a 

pcDNA3.1 vector. The vectors containing SOUL or the empty pcDNA3.1 vector were 

transfected into NIH3T3 cells with Lipofectamin 2000 according to the manufacturer’s 

protocol (Invitrogen). Cells were then grown in selective media (10% FCS-DMEM containing 

500 pg/ml G-418). Cell clones were subsequently screened by Western blot analysis for an 

increase in SOUL protein expression relative to that in the pcDNA-transfected cells. SOUL- 

overexpressing clones were selected for further experiments.

Suppression of SOUL expression by diced siRNA technique

The whole coding sequence was PCR amplified, double-stranded RNA (dsRNA) was 

generated by the BLOCK-1T RNAi TOPO Transcription KIT, the dsRNA was diced by 

BLOCK-IT Dicer RNAi Transfection KIT and the result was dsiRNA. The whole procedure 

was done according to the manufacturer’s manual (Invitrogen). HeLa cells were transiently



Lipofectamine 2000 (Invitrogen). The effect of suppression was tested by Western blot using 

polyclonal anti-SOUL primary antibody.

Cell viability assay
Cells were seeded into 96-well plates at a starting density of 104 cell/wcll and cultured 

overnight before H2O2, Taxoi, eioposide, A231S7 oi CsA wcic added 10 die medium at a 

concentration and composition indicated in the figure legends. After the culture period, the 

media were removed and replaced with DMEM containing an appropriate amount of the MTT 

solution (Chemicon Inc., El Segundo, CA) to each well for 4h. The MTT reaction was 

terminated by adding HC1 to the medium at a final concentration of 10 mM. The amount of 

water-insoluble blue formásán dye formed from MTT was proportional to the number of live 

cells and was determined with an Anthos Labtech 200 enzyme-linked immunosorbent assay 

reader at 550 nm wavelength after dissolving the blue formásán precipitate in 10% SDS. All 

experiments were run in at least four parallels and repeated three times.

Determination of intracellular reactive oxygen species (ROS)

Intracellular ROS were determined using the oxidation-sensitive C-400 and dihydro-resorufm 

fluorescent dyes. Cells were seeded into 96-well plates at a starting density of 104 cell/well 

and cultured overnight, and then were subjected to 0, 0.3, 0.4, 0.6, 0.7 or 0.8 mM H2O2 for 3 

hours. Cells were rinsed, labelled with the fluorescent dyes for 15 min at 37°C, and analyzed 

using Anthos Labtech 200 enzyme-linked immunosorbent assay reader at 485 or 578 nm 

excitation and 555 or 597 nm emission wavelengths for C-400 or resorufin, respectively.

Caspase activity assay

2 x 106 SOUL-pcDNA or pcDNA transfected NIH3T3 cells were treated with 100 pM of 

H2O2 for 12h. The cells were collected by centrifugation, washed twice with ice-cold PBS, 

and were resuspended in 50 pi of ice-cold lysis buffer (ImM dithiothreitol, 0.05% Nonident 

P-40, in 50mM Tris pH 7.5), kept on ice for 30 min, and centrifuged at 13,000 x g for 15 min 

at 4°C. 40 pg of protein was incubated with 50 pM of caspase substrate (Ac-DEVD-AMC) in 

triplicates in a 96 well plate in a final volume of 150 pi for three hours at 37°C. Fluorescence 

was monitored by a fluorescent ELISA reader at an excitation and emission wavelengths of 

360 nm and 460 nm respectively.
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Fluorescent microscopy

The nuclear morphology was observed with lOmM Hoechst 33342 -  (Cambrex Bio Science 

Rockland, USA) and 1 mM PI staining as described previously [Shinzawa ct al. 2003], 

N1H3T3 cells transfected with empty or full length SOUL-gene containing pcDNA3.1 vectors 

were seeded at 1 x 106 cells/well in a 6-well plate containing coverslips. After subjecting the 

cells to the appropriate treatment (indicated in the figure legends) coversiips were rinsed twice 

in PBS then placed upside down onto a silicone isolator placed on the lop of a microscope 

slide to create a small chamber, filled with PBS supplemented with 0.5% FCS and containing 

5 pg/ml JCl-dye (Molecular probes). The same microscopic field was imaged, first with 546 

nm bandpass excitation and >590 nm emission (red), then with green filters. Then cells were 

treated with 1 mM FBCF and the images were recorded after 10 min. For GFP fluorescence. 

450-490 nm excitation and >520 nm emission (green) filters were used. An Olympus BX61 

fluorescent microscope equipped with ColorView CCD camera and analysis software was 

used with 60x objective and epifluorescent illumination. Under these conditions we did not 

observe considerable bleed-through between the red and green images.

Flow cytometry analysis

Cell death was induced by treating sham-transfected or SOUL-overexpressing NIH3T3 cells 

with 2 pM A23187 (Sigma) or 50 pM etoposide (CF1EMICON International, Inc.) for 24 

hours in the presence or absence of 2.5 CsA, then they were rinsed and harvested as described 

before. Annexin v FLUOS staining kit (Roche Molecular Biochemicals) was used to stain cells 

with fluorescent isothiocyanate-conjugated annexin V and propidium iodide (PI) according to 

the manufacturer’s protocol. The cells were analyzed by flow cytometry on a BD FacsCalibur 

flow cytometer (BD Biosciences, USA). Quadrant dot plots were created by Cellqucst 

software (BD Biosciences, USA) to identify living and necrotic cells and cells in early or late 

phase of apoptosis [Vermes et al. 1995], Cells in each category were expressed as percentage 

of the total number of stained cells counted, and were presented as pie-charts.

Isolation of mitochondria

Rats were sacrificed and the mitochondria were isolated from the liver by differential 

centrifugation as described by a standard protocol [Schneider ct al. 1950], All isolated 

mitochondria were purified by Percoll gradient centrifugation [Sims et al. 1990], and the

albumin as the standard. Mitochondrial membrane potential (Avp) was monitored by



fluorescence of Rli-123, released írom the mitochondria following the induction of mPT at 

room temperature using a Perkin-Elmer fluorimeter (London, UK) at an excitation 

wavelength of 495 and an emission wavelength of 535 nm. Briefly, mitochondria at the 

concentration of 1 mg protein/ml were pre-ineubated in the assay buffer (70 mM sucrose, 214 

mM mannitol, 20 mM N-2-hydroxyethyl piperasinc-N'-2-cthanesulfonic acid, 5 mM 

glutamate, 0.5 mM maiate, 0.5 inivi phosphate) containing i pM Rit-123 und SOUL ibi 60 

seconds. Alteration of the Ay was induced by the addition of calcium at the indicated 

concentrations. Changes of fluorescence intensity were detected for 4 min. The results are 

demonstrated by representative original registration curves from five independent 

experiments, each repeated three times.

Detection of mitochondrial protein release

Detection of the release of rat liver mitochondrial pro-apoptotic proteins in vitro was 

performed as described [Varbiro et al. 2001]. Samples from the cuvette were taken 20 min 

after the induction of the permeability transition by Ca2 , with CsA or SOUL present in the 

indicated concentration, and centrifuged at 13000 rpm for 15 minutes. Pellets and the 

supernatants were analyzed for cyt-c, AIF and Endo G. Equal amounts of proteins were 

separated by a 12% poliacrilamid gel for the detection of AIF and Endo G, and by an 18% 

poliacrilamid gel for the detection of cytochrome-c. Western blots were prepared as described 

before. Results are demonstrated by a photomicrograph of a representative blot.

Statistical analysis

Values in the figures and text were expressed as mean ± SEM of n observations. Statistical 

analysis was performed by an alysis of variance followed by Student’s t-test. P<0.05 was 

considered to be statistically significant. (*P<0.05, **p<0.01, *** P<0.001)

12



RESULTS

Characterization of SOUL protein

NCBI Database analysis showed that SOUL gene was mapped to chromosome 6 (6q24) and it 

was found to have close relation to heme binding related proteins such as “heme binding 

protein 1” (AAP35958.1: 28% identity, 46% similarity) and to other yet uncharaeterized or 

unnamed proteins SOUL was found to have homologues in different species as well (Fig. 

1A). The gene is made up of four exons. Analyzing the amino acid sequence we found that 

SOUL did not have a heme-regulated motif [Lathrop et al. 1993], but several hydrophobic 

amino acid segments seem to suggest that these regions may be involved in heme-binding 

[Shin et al. 1995]. By searching for the related EST sequences in the GenBank, it could be 

assumed that SOUL mRNA is expressed mainly in retina, prostate, pancreas, placenta, lung, 

brain and uterus.

FIGURE 1A Multiple sequence 
alignment of SOL'L/SOUL and 
Heme Binding Protein 1 of 
representative vertebrates. HBP1, 
human Heme Binding Protein 1 
(AAF89618); HBP1-Mouse, 
murine Heme Binding Protein 1 
(NP_038574); SOUL-Mouse: 
murine SOUL protein
(NP_062360); SOUL-Rat: rodent 
SOUL protein (XPJZ18664); 
SOUL-Chick: avian SOUL protein 
(NP_990120); Sequences were 
accessed from NCBI Protein 
database and were aligned using 
the ClustalW algorithm. Black- 
shaded amino acids indicate 
identical residues. dark-gray- 
shaded amino acids indicate 
conserved substitutions.

To detect SOUL protein in different types of tissues, we developed anti-SOUL antibody using 

recombinant GST tagged SOUL protein. The antiserum was tested by Western blot with the 

thrombin-cleaved and purified SOUL protein that migrated at the 28 kDa band (10 ng /band), 

as it was described before [Bohn et al. 1991], The antiserum was purified as it was described 

in the Materials and Methods. Using the puntied anti-M tuu antibody, different ieveis of
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SOUL expression were identified in human tissue samples, and it could be detected in human 

sera as well as in some malignant tissues (Fig. IB). Higher concentrations of the protein were 

expressed e.g. in certain lymphomas or in pancreatic tumors. We selected NIH3T3 mouse 

fibroblast cell line that contained virtually no SOUL for overexpression studies, and HeLa cell 

line that contained high levels of SOUL for RNA ii

4 5 -

To analyze the subcellular distribution of SOUL, we performed confocal microscopy using 

NIH3T3 cells transfected with pEGFP-Cl plasmid containing full length SOUL open reading 

frame. We found SOUL-GFP to be localized to the cytoplasm of the cells unlike GFP alone,

which was localized to the nucleus (Fig. 1C).
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Effect of SOUL on cell death
SOUL levels were determined by Western blot from NIH3T3 cells, which were transfected 

either with control pcDNA3.1 vector or pcDNA3.1 vector containing full-length SOUL 

cDNA. Fig. 2A shows that cells transfected with SOUL cDNA express high level of SOUL 

protein. To assess the functional consequences of the overexpression of SOUL protein, we 

studied its effect on hvdrogen-peroxide- or Taxol-induced cell death process.

transfected cells: *P<0.05, **P<0.01, *** P<0.W\.

Fig. 2C shows ihat SOUL oveiexpiession significantly incensed  the cell death ... the 

150 pM hydrogen peroxide concentration range demonstrating that SOUL fa.
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oxidative stress induced cell death. To determine whether the cel! death facilitating effect of 

SOUL is related only to oxidative stress, we investigated whether SOUL can promote cell 

death in a system where cell death is induced by a different mechanism. It is well documented 

that Taxol induce cell death by suppression of microtubule dynamics and block mitosis at the 

metaphase/anaphase transition [Jordan ct al. 20021. SOUL overexpression significantly 

increased the cell death in concenuauons íanging hum 10 - 100 uM ui TuaoI undci uUi 

experimental conditions (Fig. 2B). We also exposed the cells to a wide concentration range of 

etoposide (Fig. 2D) or A23187 (Fig. 2E) for 24 h. These results showed that SOUL promotes 

cell death induced any type of cell death inducing agents.

Effects of expression of Hspl6.2 on the oxidative stress induced cell death

To obtain information about its possible role in the cell death process, Lisp 16.2 was 

overexpressed in NIH3T3 cells that express this protein at very low extent endogenously. 

Hspl6.2 overexpression significantly increased the resistance of NIH3T3 cells against 

hydrogen peroxide (Fig. 3A) or faxol (Fig. 3B) induced cell death comparing with the sham- 

transfected cells.

H20 2 24h ÖPCDNABHSP16 2 g Taxol 24h

I l i i  1.1 111
FIGURE 3. Cytoprotective effect of Hspl6.2 in oxidative stress. Hspl6.2 was overexpressed in NIH3T3 cells. 
These cells as well as sham transfected wild type cells (pcDNA) were treated for 24 h with 10-300 pM H20 2 (A) 
or 10-1000 nM Taxol (B). Cell viabdities were measured by MTT assay and were expressed as % of untreated 
cells, mean ± S.E.M. of three independent experiments running in at least four parallels.

Effect of SOUL suppression by siRNA technique on cell death

To study the effect of SOUL depletion on the cell death process, the protein levels were 

suppressed in tumor cells by siRNA. Fig. 4A shows that SOUL protein levels were 

significantly decreased after 24 hours of transfection by siRNA, and the depleted SOUL 

levels were maintained until 96 hours after the transfection in HeLa cells. To obtain highest 

level of SOUL suppression, the induction of cell death was studied 24 hours after the 

transfection with SOUL-siRNA. SOUL suppression significantly protected NIH3T3 cells
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against hydrogen peroxide induced cell death in the 75 300 pM concentration range (Tig.

4B). Similar effects were seen when cell death was induced with Taxol (Fig. 4C). SOUL 

suppression significantly decreased cell death in the Taxol concentration range of 1 -1 0  nM. 

That is, SOUL suppression in HeLa cells induced a resistance against oxidative stress and 

microtubule dynamics restriction-induced cell death.

FIGURE 4. Suppression of SOUL by siRNA technique and its effect on the viability of HeLa cells treated 
with H20 2 or Taxol. HeLa cells were transfected with SOUL-dsiRNA according to the manufacturer’s 
recommendations. (A) SOUL expression in the cell homogenates prepared 1 to 4 days after transfection was 
detected by Western blotting utilizing anti-SOUL polyclonal rabbit antiserum. (B-C) Comparison of the effect of 
catatonic stimuli in mock-transfected (white bars) and SOUL-dsiRNA-transfected (grey bars) HeLa cells. The 
second day the cells were treated for 24 hours with either (B) hydrogen peroxide at concentrations ranging from 
0 to 900 pM or (C) Taxol at concentrations ranging from 0 to 20 nM. Bars show the percentage of surviving 
cells detected by MTT assay compared to untreated mock-transfected controls. Values are means ± i.e. of three 
experiments. */><0.01; **T><0.001.

Effect of HSP16.2 suppression by siRNA technique on cell death

We suppressed Hspl6.2 expression by siRNA technique as described previously in HeLa 

cells (Fig. 5A) that express Hspl6.2 at high extent endogenously. The level of Hspl6.2 was 

checked by Western bloting and cells were treated on the first day after supressing Hspl6.2. 

Compared to the sham transfected wild type cells, Hspl6.2 suppression sensitized the cells to 

hydrogen peroxide (Fig. 5B) and Taxol (Fig. 5C) induced cell death supporting the idea that 

Hspl6.2 plays a cytoprotective role.
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FIGURE 5. Suppression of Hspl6.2 by siRNA technique and its effect on the viability of HeLa cells treated 
with H20 2 or Taxol. Hspl6.2 was suppressed by d-siRNA in HeLa cells according lo the manufacturer's 
protocol. Cells were collected during a 5-day period. Suppression of Hspl6.2 were checked by Western blotting 
using a custom made polyclonal primary antibody in separate aliquots of the transfected cell lines (A). Lane C: 
control; lane 1: first day; lane 2: second day; lane 3: third day; lane 4; fourth day; lane 5: fifth day.The cells as 
well as sham transfected wild type cells (pcDNA) were treated for 24 h with 10-300 pM ILCL (B) or 10-1000 
nM Taxol (C). Cell viabilities were measured by MTT assay and were expressed as % of untreated cells, mean t 
S.E.M. of three independent experiments running in at least four parallels.

Effect of SOUL on ROS-production

We used the same transfected cells to check the effect of SOUL on cellular ROS formation. 

We found, in agreement with our previous experience, that endogenous ROS formation is 

hardly detectable in the untreated cell lines (Fig. 6A and 6B, “0” column), so we induced 

ROS production by exposing the cells to different concentrations of H2O2 for 3 hours. After 

washing off H2O2, we loaded the cells with the non-fluorescent reduced form of two different 

fluorescent redox dyes, C-400 and resorufin. The dyes became fluorescent as they were 

oxidized by the intracellular ROS, so their fluorescence was proportional to the amount of 

ROS in the cells. By virtue of its dodecyl group, resorufin was localized to lipid phase and so 

detected ROS formation mainly associated with the membranous structures of the cells, while 

C-400 detected it mainly in the aqueous phase. Regardless of the pre-treatment of the cells, 

we could not detect any significant difference between sham-transfected and SOUL-over- 

expressing cells (Fig. 6) indicating that SOUL docs not affect cellular pro-oxidant levels 

and/or ROS-production.
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Amplex-red C -400

FIGURE 6. ROS formation in cells over-expressing SOUL protein. ROS formation was assessed by 
measuring the fluorescent intensities of resorufin (A) and C-400 (B) oxidized by the ROS formed in mock- 
(white bars) and SOUL-transfected (grey bars) NIH3T3 cells exposed to 0-0.8 mM IU02 for 3 h before washing 
off the H20 2 and loading the cells with the non-fluorescent reduced form of the dyes. Values are expressed in 
arbitrary units, means ± S.E.M. of five independent experiments.

Induction of the loss of mitochondrial membrane potential by SOUL 

Cell death is frequently preceded by mitochondrial permeability transition and the collapse of 

mitochondrial membrane potential. To determine whether SOUL overexpression promotes 

H2O2-, or A23187-induced collapse of mitochondrial membrane potential, the mitochondrial 

uptake of membrane potential marker TMRM or Rh-123 were studied by fluorescent 

microscopy. To validate our system, the diminishing of the mitochondrial membrane potential 

was induced by the addition of 5 pM CCCP a well-known mitochondrial uncoupler which 

resulted in the release of the quenched fluorescent dye independently of SOUL 

overexpression (Fig. 7).

0 min 5 min 10 min CCCP

pcDNA “

SOUL

SOUL ./>, j-:: .
+ CsA '•

Figure 7. For demonstrating At|/ in vivo, mock-transfected (pcDNA) and SOUL-over-expressing NIH3T3 cells 
were loaded with TMRM and treated with 10 pM A23187 in the absence or presence of 2.5 pM CsA. Real-time 
> ~ r e  taken at 5 minutes intervals for 10 min by fluorescent microscopy. At the end of the experiment, 5

converted to grey-scale of live independent experiments are presented. We could not observe significant 
difference between mock-transfcctcd and SOUL-over-expressing cells in the presence of CsA (data not shown).
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This effect of SOUL was. abolished by 2.5 pM CsA (Fig. 7). In the absence of A23187, 

fluorescent intensities of mock-transfected cells and cells incubated in the presence or absence 

of CsA decreased by less than 10% during the 10 minutes detection period (data not shown). 

When a rapid collapse of the mitochondrial membrane potential was induced by high 

concentration of H2O2, SOUL overexpression facilitated the release of fluorescence dye from 

mitochondria compared to control ceils. Siuuuu data wue obtained a the eollupae ul 

membrane potential was induced by A23187 (data not shown). These data show that SOUL 

overexpression exerts its effect on cell death process via a mitochondria dependent pathway.

Effect of SOUL on the mPT and on the mitochondrial membrane potential (Aij/) in vitro 

In order to demonstrate the direct effect of SOUL on the mitochondrial permeability 

transition, we monitored mitochondrial swelling from isolated, Percoll gradient purified rat 

liver mitochondria. High-amplitude swelling of the mitochondria due to mPT was monitored 

by the decrease of absorption 540 nrn. In isolated liver mitochondria, the swelling was 

induced by 150 pM of Ca2+ (Fig. 8, line 2) which was completely inhibited by 2.5 pM of CsA 

(Fig. 8, line 3). When calcium was added at a low concentration (30 pM), no significant 

swelling was detected. The addition of SOUL to the mitochondria in the absence of calcium 

did not induced mPT either. However, when 30 pM calcium was added to recombinant 

SOUL-containing system, mPT was induced (Fig. 8, lines 4-7) showing that SOUL sensitized 

mitochondria to calcium induced permeability pore formation. The addition of 2.5 pM of CsA 

to this system prevented the SOUL-induced mPT (Fig 10, line 8).

1 base line 
2: 150 p M C V  
3: 30 pM Ca2 
4: 200 11M SOUL 
5: 50 nM SOUL + 30 pM Ca2 
6: 100 nM SOUL + 30 pM Ca2 
7: 200 nM SOUL + 30 pM Ca2 
8: 200 nM SOUL + 30 pM Ca2 

+ 2.5 pM C sA

FIGURE 8. Effect of recombinant SOLI, on permeability transition in isolated mitochondria. Permeability 
transition demonstrated by monitoring E540 in isolated rat liver mitochondria was induced by adding Ca2 at the 
arrow. Line 1: no agent (baseline swelling); line 2: 150 pM Ca2': line 3: 150 pM Ca2 4 2.5 pM CsA; line 4: 30 
pM Ca-‘; line 5: 50 nM SOUL + 30 pM Ca2'; line 6: 100 nM SOUL + 30 pM Ca2 ; line 7: 200 nM SOUL +- 30 
pM Ca 'and line 8: 200 nM SOUL + 30 pM Ca2‘ + 2.5 pM CsA.

4
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Calcium (150 pM)-induced the decrease ol the Ay as detected by the release of the membrane 

potential sensitive dye, Rh-123 from isolated liver mitochondria (Fig. 9, line 2). SOUL alone 

in different concentrations did not cause the dissipation of Ay, however, SOUL induced the 

decrease of Ay in the 50 nM to 400 nM concentration range in the presence of 30 pM Ca2' 

which calcium concentration was not sufficient to induce loss of Ay when added alone. The 

loss of Ay was dependent on the concentration oi SOUL (Fig. 9), and these data wcic 

consistent with the data obtained under in vivo conditions.

1 base line 
2: 150 pM Ca21 
3: 30 pM Ca2 
4: 200 nM SOUL 
5: 50 nM SOUL + 30 pM Ca2 
6: 100 nM SOUL + 30 pM Ca2 
7 :200  nM S O U L + 30 pM Ca2 
8. 200 nM SOUL r 30 nM Ca2 

+ 2.5 pM C sA

FIGURE 9. Effect of recombinant SOUL on mitochondrial membrane potential in isolated
mitochondria. Membrane potential was monitored by measuring the fluorescent intensities of the cationic 
fluorescent dye Rh-123. Isolated rat liver mitochondria added at the first arrow (*), took up the dye in a voltage 
dependent manner and quenched its fluorescence. SOUL at the concentrations indicated together with 30 pM 
Ca2+ or 150 pM Ca2+ added at second arrow (+) induced depolarization resulting in release of the dye and 
increase of fluorescence intensity. Line 1: no agent; line 2: 150 pM Ca~’; line 3: 30 pM Ca“7 line 4: 200 nM 
SOUL; line 5; 50 nM SOUL + 30 pM Ca2'; line 6: 100 nM SOUL + 30 pM Ca2‘; line 7: 200 nM SOUL + 30 
pM Ca2+; line 8: 200 nM SOUL + 2.5 pM CsA + 30 pM Ca2’.

Release of mitochondrial intermembrane space proteins from isolated liver 

mitochondria

The pro-apoptotic proteins AIF, endo G and cyt c, are sequestered within the mitochondria, 

and are released following the rupture of the outer membrane. Mitochondrial permeability 

transition induced by 150 pM of Ca2+ as described above caused the release of AIF, Endo G 

and cyt-c from the mitochondria into the medium. The release of pro-apoptotic proteins was 

inhibited by the mPT inhibitor, CsA (Fig. 10). SOUL alone up to the concentration of 400 nM 

did not have any effect on the release of the mitochondrial proteins (data not shown). Calcium 

at the concentration of 30 pM did not induced the release of AIF, Endo G and cyt-c either, but 

when added together with 50 nM to 400 nM of SOUL to the reaction mixture, a significant 

release ol these proteins were observed. I fie M tui. facilitated reiease of Aih. Endo G and 

cyt-c were found to be concentration dependent and was inhibited by CsA (Fig. 10). These
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experiments showed Ihat SOUL has a mitochondria! membrane polémia! destabilising effect, 

and that it is able to decrease the amount of Ca"+ needed for the induction of mitochondrial

permeability transition.

transition was induced by 150 pM or 30 pM Ca
in the absence or presence of 2.5 pM of CsA or 
different concentrations of SOUL. Lane 1: control 
(no agent added); lane 2: 150 pM of Ca2'; lane 3: 
150 pM of Ca2" + 2.5 pM of CsA; lane 4: 30 pM 
of Ca2+; lane 5: 30 pM of Ca" + 100 nM SOUL; 
lane 6: 30 pM of Ca2' + 200 nM SOUL; lane 7: 30 
pM of Ca2+ + 200 nM SOUL + 2.5 pM of CsA.

1 SOUL

i sour. + +

Relocation of SOUL protein to the mitochondria during oxidative stress

According to our confocal microscopy findings, SOUL was localized mainly to the cytosol 

(Fig. 1C), however, it had marked effects in isolated mitochondria suggesting a significant 

mitochondrial localization of the protein. To demonstrate the redistribution of SOUL during 

the cell death process, we performed immunoblot experiments on fractionated HeLa cells 

treated or not with 100 pM H2O2 for 24 h. Fig. 11 shows that in untreated HeLa cells, SOUL 

was mainly localized to the cytoplasm, but in smaller extent it was also present in the 

mitochondrial fraction.

1 ____________2 ________________

Untreated Treated
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However, upon prolonj
SOUL protein immunoreactivity in the mitochondrial subtraction of the cells accompanied by 

a comparable decrease in that of the cytosolic fraction. This data indicate that in response to 

oxidative stress, SOUL can relocate to the mitochondria.

Prevention ot M JUL-induced sensitisation toward oxidative stiess by ir.e A

(CsA)
To further assess the effect of SOUL in vivo at cellular level, mPT inhibitor cyclosporine A 

was added to cells exposed to mild oxidative stress in order to determine the potential role of 

mPT in SOUL facilitated cell death. As it was expected and in accordance with the previous 

data, SOUL overexpression increased cell death in the absence of CsA, however, in the 

presence of CsA we could not detect any difference in the cell viabilities between sham 

transfected wild type control and SOUL-overexpressing cells (Fig. 12) indicating that SOUL 

facilitated mild oxidative stress-induced cell death by inducing the opening of the 

mitochondrial permeability pore.

120

The effect of CsA on the collapse of mitochondrial membrane potential induced by hydrogen 

peroxide was also determined in SOUL-overexpressing or mock transfected N1H3T3 cells 

using 1 pM JC-1 fluorescent dye [Reers et al. 1991], Fig. 6C shows that hydrogen peroxide 

induced a decrease in the intensity of red fluorescence shifting to green fluorescence on the
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merged images. By the addilion of 2.5 gM CsA this shift in fluorescence is prevented (Fig 

13) showing that the inhibition of mitochondrial permeability transition by CsA prevents the 

SOUL facilitated collapse of mitochondrial membrane potential.

pcDNA SOUL

FIGURE 13. Mitochondrial permeability transition inhibitor abolished the cell death facilitating effect of 
SOUL. Mock-transfected (1,3) and SOUL overexpressing (2, 4) cells were exposed for 3 hours to 100 pM 
hydrogen peroxide in the absence (1, 2) or presence (3, 4) of 2.5 pM CsA. After the treatment, the medium was 
replaced to fresh one without any agents and containing lpM JC-1 membrane-potential sensitive fluorescent 
dye. After 10 min of loading, green and red fluorescence images were acquired using a fluorescent microscope 
equipped with a digital camera and merged to demonstrate the effect of the treatments on the mitochondrial 
membrane-potential. Photomicrographs demonstrate representative images of three independent experiments.

Induction of both apoptotic and necrotic cell death by SOUL

The results obtained from the mitochondria permeability transition experiments strongly 

suggested to us, that SOUL may activate apoptotic cell death. To test this hypothesis, 

apoptotic cell death was induced by hydrogen peroxide (100 pM) in NIH3T3 cells transfected 

with control vector or SOUL-cDNA containing vector. Translocations of AIF, Endo G and 

cyt-c in response to H2O2 treatment were detected by Western blot after isolating cellular 

subtractions. The levels of all three proapoptotic proteins were found to be higher in SOUL- 

overexpressing cells when compared to controls (Fig. 14A). To investigate the effect of 

SOUL-overexpression in the process of necrotic cell death NIH3T3 cells transfected with
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either control vector or SOUL-cDNA containing vector were treeted with hwher 

concentration of H2O2 (500 pM), and the caspase-3 activation was determined with 

fluorescent caspase-3 substrate (Ac-DEVD-AMC). Fig. 14B shows that SOUL- 

overexpression did not affect caspase 3 activation. SOUL overexpression promoted the 

hydrogen-peroxide-induced cell death, which was predominantly necrotic indicated by the 

enhanced staining of nucleus b> piupidium iodide (Fig. 140).

A —
Nucleus - EndoG

Nucleus - AIF 

Cytosol - cytc

H2°2 -

FIGURE 14. Detection of signs of cell death in SOUL-overexpressing cells exposed to catatonic stimuli. (A)
Translocations of AIF, Endo G and cyt-c were detected by Western blot after isolating cellular subtractions. 
Both, control and SOUL-overexpressing cells were treated with lOOpM H20 2 for 24 hours. In SOUL- 
overexpressing cells the levels of the translocations of these proapoptotic proteins were slightly higher compared 
to controls. (B) Caspase-3 activation in SOUL-overexpressing cells. Cell death was induced in mock-transfected 
(control) and SOUL-overexpressing cells by administering 500 pM of H20 2 for 12 hours, and the activity of 
caspase-3 was detected by the fluorescent caspase-3 substrate. Ac-DEVD-AMC. Column 1: control cells; 
Column 2: SOUL-overexpressing cells; Column 3: control cells treated with H20 2; Column 4: SOUL- 
overexpressing cells treated with H20 2. Values are means ± i.e. of three experiments. (C) Increase in H2Or  
induced necrotic cell death. Mock transfected (pcDNA) and NIH3I3 cells transfected with pcDNA3.1 vector 
subcloned with full-length SOUL cDNA (SOUL) were plated and treated with 1 mM H20 2 for 24 hours and the 
representative nuclear changes were visualized by staining with Hoeehst 33342 (blue) and propidium iodide 
(red). Cells containing excess SOUL show enhanced PI staining (arrows) and nuclear fragmentation (arrow 
heads) compared to controls.
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Flow cytometry analysis of SOUL induced cell death
Since mPT is involved in both the necrotic and apoptotic cell death depending on the nature 

and severity of the stimulus, we aimed to prove that SOUL overexpression facilitates mainly 

necrotic cell death. To this end, mock-transfected and SOUL overexpressing NTH3T3 cells 

treated with either 2 pM A23187 or 50 pM etoposide for 24 hours were subjected to flow 

cytometry analysis after doubic-siamuig them with nuuicscoiu-ia'uUIsfl Amwxiu V and 

propidium iodide. This approach is widely used for detecting apoptosis and necrosis, w here 

Annexin V binds to phosphatidylserine residues that appear at the outer surface of the cell 

membrane as an early indicator of apoptosis, while entry of propidium iodide into the cell 

indicates loss of membrane integrity and so necrosis.

A

Kontrol

SOUL

B

Kontrol

SOUL

FIGURE 15. Effect of SOUL, etoposide and Ca2 ionophore on necrosis and apoptosis. Necrosis and 
apoptosis was assessed by flow cytometry following Fluorescein-conjugated Annexin V and PI double staining. 
Dot-plots (A) were created from sham- (pcDNA) and SOtJI -transfected cells treated or not with 2uM A23187 
or 50pM etoposide for 24 hours. Horizontal and vertical axes represent Annexin V and PI staining intensities. 
Lower left quadrant; living cells, lower right quadrant; early apoptotic cells, upper left quadrant; necrotic cells, 
upper right quadrant; late apoptotic cells. (B) Pie charts demonstrate distribution of living (white), necrotic 
(grey) and apoptotic (black) cells. Values were means of 3 independent experiments. S.E.M. was below 5 % for 
all cases.

untreated A23187
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Fig. 15 show* that 89.3±4.6% of the mock-transfected (pcDNA) untreated cells were intact 

(double-negative) while 9±2% of them were necrotic (PI positive), and 1.8±1.6% of them 

were in early (Annexin V positive) or late (double-positive) apoptosis. SOUL overexpression 

by itself induced a non-significant increase (I3.3±2.7%) in the number of necrotic cells. 

Treatment with A23187 increased the number of necrotic cells among the mock-transfected 

cells and in a significantly highd caíoiú (p- 0.05) among die SOUL-ovcmxp*c**uig cells 

(16.0±2.6% and 25.1±4.9%, respectively). When the cells were treated with ctoposide, the 

mock-transfected cells died mainly by apoptosis, while SOUL overexpression caused a 

significant elevation in the percentage of necrotic cells (from 1 1.7±1.5% to 28±2%) to the 

detriment of apoptotic ones (from 27.2±1.6% to 17.1 ±3.2%). When the experiment was 

performed in the presence of 2.5 pM CsA, we could not observe significant difference 

between mock-transfected and SOUL-overexpressing cells (data not shown) indicating that 

CsA abolished the effect of SOUL. These data show that the overexpression of SOUL protein 

even in case of a mainly apoptotic stimulus sensitized NIH3T3 cells to necrotic cell death, 

which process was inhibited by CsA.
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DISCUSSION

Heme-binding proteins have been identified before (Taketani et al. 1998, Zylka et al. 

1999 Jacob Blackmon et al. 2002) and in some cases their heme binding properties have been 

determined (Taketani et al. 1998, Jacob Blackmon et al. 2002, Sato et al. 2004). However, 

very little information is available about their other type of biological functions. We 

hypothesized that heme-binding protein 2 ' SOUL might have an effect on ROS formation 

and so on cell death. In order to verify this hypothesis, we looked for an appropriate cell line 

in which SOUL overexpression can be performed. We measured the amount of SOUL protein 

in different human tissues and tumor cell lines (Fig. IB). We selected NIH3T3, since this cell 

line express SOUL at low extent endogenously (Fig, IB), and possibly have not evolved 

compensatory mechanisms that could block or mask the effect of SOUL, assuming it had any. 

We determined SOUL’s subcellular localization by overexpressing GFP conjugated protein in 

NIH3T3 cells. Also we overexpressed SOUL alone, to determine its effect on cell death. As 

we found, SOFT overexpression induced only a non-significant decrease in viability (Fig. 2C. 

“0” bars; Fig. 15, “untreated” column). Then, we induced cell death either with A23187 that 

was supposed to promote mainly necrosis [Abramov et al. 2003, Nakagawa et al. 2005], or 

with etoposide that promotes apoptosis [Senturker et al. 2002], we also used hydrogen- 

peroxide or Taxol to induce cell death with different mechanisms. We found that SOUL 

independently from necrotic or apoptotic or other stimuli significantly increased cell death in 

all systems under these stress conditions (Fig. 2). This effect of SOUL was moderate, 

although statistically significant. On the contrary, suppression of SOUL by dsiRNA in cells 

normally expressing SOUL at high level (HeLa) induced resistance against hydrogen- 

peroxide- and Taxol-indueed cell death (Fig. 4). On the other hand we overexpressed 

Hspl6.2, a heat shock protein studied by our team that affects cell death, in NIH3T3 cell line 

(Fig. 3), and suppressed its expression by dsiRNA technique in HeLa (Fig. 5) that naturally 

express it at high extent. Using this model, we could establish that Hspl6.2 have 

cytoprotective property in contrast to SOUL, since it protected the Hspl6.2 overexpressing 

NIH3T3 cells against, and sensitized the lisp 16.2 suppressed HeLa cells to either ILOi or 

Taxol induced oxidative stress. To follow our train of thought on proteins affecting cell death, 

and taking into consideration that SOUL was found to have negative effect on cell death, it 

was selected to be further investigated in this thesis.

It is well-documented that certain proteins, such as BH3 domain only proteins (Bid 

and Bim) play a significant role in the regulation of eel! death [Kelekar et al. 1998, Letai et al.
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inducing the release of a variety of pro-apoptotic molecules such as cytochrome c from the 

mitochondrial intermembrane space into the cytosol [Kuwana et al. 2005]. However, it is 

unclear exactly how Bid and Bim proteins associated with Bax-type proteins and what is the 

exact mechanism of the release of cyt-c and other mitochondrial intermembrane space 

apoptosis-uidueing pioicins. li is likely dial Bid and Bim siiuie a common mude ofaetiun via 

BH3-medialcd binding to Bax-type proteins at the cytosolic surface of outer mitochondria! 

membranes [Epand et al. 2003, Terrones et al. 2004] triggering a conformational change of 

multidomain proapoptotic members resulting in their intramembraneous oligomerization and 

the permeabilization of outer mitochondrial membranes. There are also data indicating that 

the BH1 - BH3 domains containing protein (Bax) can modulate intracellular calcium transport 

and collapse of mitochondrial membrane potential that can be correlated with its proapoptotic 

activities [Carvalho ct al. 2004], Previous data showed that the recombinant SOUL protein 

oligomerizes and form hexamers in aqueous solution [Sato et al. 2004], just like some BH3 

domain only proteins, therefore it is expectable that it can have a similar role in the cell death 

process as Bid or Bim [Terrones et al. 2004], The best-studied BH3 domain only proteins 

(Bim or Bid) are involved in the release of pro-apoptotic mitochondrial intermembrane space 

proteins and the induction of apoptotic cell death. Furthermore, evidences were presented that 

Bcl-2 overexpression can inhibit ROS-induced mitochondrial permeability transition pore 

opening indicating that Bcl-2 homologues can modulate -  under certain condition -  the 

mitochondrial permeability transition process [Kowaltowski et al. 2000].

Since the presence of SOUL facilitated cell death, and this effect could be attributed to ROS 

formation, we determined the effect of SOUL on intracellular ROS formation. Surprisingly, 

we could not observe any significant difference between mock-transfected and SOUL- 

overexpressing cells indicating that SOUL did not contribute to ROS-formation in either the 

lipid or the aqueous phase of the cells (Fig. 6).

Since the ROS-inducing effect of SOUL was precluded from its cell death promoting 

mechanism, and SOUL was present in the mitochondrial fraction of HeLa cells endogenously 

-overexpressing SOUL (Fig. 11), we examined its effect on isolated mitochondria. We 

observed that SOUL protein alone did not induce large amplitude swelling of mitochondria 

(Pig- 8), release of cytochrome c (Fig. 10) and the dissipation of mitochondrial membrane 

potential (Fig. 9), all of which are regarded as characteristic features of mitochondrial

physiologically relevant Ca2+ concentrations that could not induce mPT on their own, SOUL
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ri  protein was able to moucc rm . v. ig. ~, . ig. * in a concemrauon t.cpc.nc.cn. manner, anc. 

I that effect could be blocked by CsA, a specific inhibitor of mPT [Baines et al. 2005, Lin et al. 

2005] We confirmed that SOUL could induce mPT and so the collapse of mitochondrial 

membrane potential in vivo in N1H3T3 cells by using a mitochondrial membrane potential- 

l sensjtive fluorescent dye, a calcium ionophore [Abramov et al. 2003] and fluorescent 

microscopy Since fluoresccm nlicnsnics ill SOL L-uvoi e x p ir in g  V.OL diminished iiiuJi 

faster than those in mock-transfcctcd cells or cells that were incubated with CsA (Fig. 7). 

These data clearly show that SOUL influences cell death process and helps to destabilize the 

mitochondrial membrane system and thereby facilitates mitochondria-dependent cell death. In 

respect of cyclophilin D dependence, SOUL was proved to be distinct from pro-apoptotic Bcl- 

2 homologues that promote cyclophilin D independent cell death [Tapodi et al. 2005, Baines 

et al. 2005, Brustovetsky et al. 2002]. On the other hand similarities could be shown, since 

like Bim, or Bid, SOUL facilitated the release of mitochondrial intermembrane space pro- 

apoptotic proteins like cytochrome c, apoptosis inducing factor and endonuclease G, which 

processes were also inhibited by cyclosporine A (Fig. 10). SOUL was also shown to relocate 

to the mitochondria during oxidative stress (Fig. 11). These data indicate that the release of 

mitochondrial pro-apoptotic proteins were likely the consequence of the mitochondrial 

permeability transition rather than a specific mitochondrial outer membrane permeabilization, 

which occurs in the case of other pro-apoptotic Bcl-2 homologues [Carvalho et al. 2004, 

Brustovetsky et al. 2003, Smaili et al. 2001],

There can be some similarities in the cell death promoting mechanism of SOUL and 

pro-apoptotic Bcl-2 homologues, because Bim, or Bid were also reported to modulate existing 

mitochondrial channels such as adenine nucleotide translocator (ANT) and voltage-dependent 

anion channel (VDAC) during their outer membrane pore-forming process [Rostovtscva ct al. 

2004, Halestrap et al. 2004, Shimizu et al. 1999, Kokoszka et al. 2004], ANT and VDAC are 

suggested to be components of the permeability transition pore complex together with 

cyclophilin D [Baines et al. 2005], However, in the case of pro-apoptotic Bcl-2 homologues, 

the outer membrane permeabilization is a cyclosporine A independent process while 

mitochondrial permeability transition is specifically inhibited by cyclosporine A through its 

binding to cyclophilin D [Baines et al. 2005, Lin et al. 2005], That is. SOUL did not only 

permeabilize the outer membrane like pro-apoptotic Bcl-2 homologues, but also induced a 

mitochondrial inner membrane permeabilization. This leads to mitochondrial swelling,

and the collapse of mitochondrial membranes potential, which processes arc different from
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[Brustovetsky et al. 2003, Baines et al. 2005, Lin et al. 2005],

It is now obvious, that SOUL has an enhancing effect on cell death through affecting 

the mitochondrial permeability transition. The strength of insult and extra mitochondrial Ca‘ f 

concentration can define which type of cell death program will be executed after mPT; 

cytochrome c-tnggered apoptosis ui pcuncuudii} uansiuon poic-dcpcudum faduiu uf ATP 

generation leading to necrosis. To differentiate between the two types of cell death, we 

induced necrosis with A23187 [Abramov et al. 2003, Nakagawa et al. 2005], and apoptosis 

with etoposide [Senturker et al. 2002] in mock-transfected and SOUL over-expressing 

NIH3T3 cells. Using flow cytometry, we found that regardless of the type of stress stimuli, 

SOUL promoted necrotic cell death (Fig. 15). There are several data showing that by the 

overexpression of a certain protein apoptotic cell death can be facilitated, but there are only 

very scarce data showing that the overexpression of a protein would induce necrotic cell death 

[Temkin et al. 2006, Prabhakaran et al. 2005, Li et al 2005, Li et al. 2004], In these cases, 

generally the overexpressed proteins (like RIP, UUP-2 or cyclophihn D) somehow facilitate 

the opening of mitochondrial permeability pore, which is followed by necrotic cell death. Our 

data show that SOUL protein belongs to this category of proteins, because it can promote 

mitochondrial permeability transition and facilitate necrotic cell death under different types of 

stress conditions.

In conclusion, we provided evidence that a heme-binding protein-2 (SOUL) and Hspl6.2 

can affect the cell death process in a different way. SOUL, although unable to induce cell 

death by itself, sensitizes cells to necrotic cell death by promoting mitochondrial permeability 

transition under stress conditions (Fig. 16).
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FIGURE 16. Schematic diagram of the proposed molecular mechanism of SOUL. (A) Hypothetic 
mechanism of the effect of SOUL on the mitochondrial permeability transition pore (mPTP). Established 
components of the mPTP are indicated schematically. ANT: adenine nucleotide translocator; VDAC: voltage- 
dependent anion channel; Cyp-D: cyclophilin D; CL: ANT-associated cardiolipin. Note that the exact 
stochiometry and composition of the mPTP are elusive. Moreover, the mPTP composition is not fully illustrated 
and may be cell type dependent. (B) Subeffective concentration of Ca"' together with SOUL induces 
permeability transition accompanied by the loss of mitochondrial membrane potential and the release of 
mitochondrial proteins eventually leading to necrotic cell death. CsA prevents this process indicating the specific 
effect of SOUL on the mPTP.
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General Conclusions

1 Characterization of SOUL protein in different tissues.

Multiple alignment of SOUL was done with its homologues and forms found in different 

species. The expression of SOUL was detected in a number of human tissues, and cell lines. It 

was found, that '! is not expressed ubiquitously an all tissue but rather had differential 

expression. It was interesting to see. that e.g. normal pancreas tissues had iittie SOUL 

expression but in pancreas adenocarcinoma it was greatly elevated. According to this finding 

SOUL might have an importance in the development of pancreatic cancer. SOUL’s 

subcellular localization was also detected with fluorescent microscope and with Western blot 

after fractionating cells endogenously producing high amount of SOUL. According to our 

results SOUL was found mostly in the cytoplasm, but it was also present in the mitochondrial 

fraction in a smaller quantity, which later proved to be very interesting.

2. Effect of SOUL and HSP16.2 on cell death process.

Overexpressing a protein in a system can supply us information on the possible function 

of a protein. Effects of SOUL and HSP16.2 were examined in different conditions by treating 

cells with cell death inducing agents and detecting the living using MTT assay. Several types 

of drugs were selected to examine the effect of the two proteins. Hydrogen peroxide causes 

oxidative stress, Taxol affects the microtubule system, A23187 causes mainly necrosis, and 

Etoposide causes mostly apoptosis. In the presence of excess SOUL cells seemed to have 

decreased resistance against the above mentioned drugs in our experiment. This effect of 

SOUL was moderate, although statistically significant and was detected with all kinds of 

drugs used. On the contrary, when examining HSP16.2 we found opposite results. HSP16.2 

protected cells against cell death in our system. Thus, we found two previously 

uncharacterized proteins that affect cell death in different ways. In this manner we can state 

that both proteins have an effect on cell death.

3. Consequences of suppression of SOUL or HSP16.2 expressions by siRNA.

Gene silencing became a widely used method for knocking out a specific protein to 

identify its function from indirect effects caused by the lack of this specific protein. When 

SOUL was silenced using specific dsiRNAs in cells endogenously expressing it significant 

resistance was observed against the cell death inducing agents as expected. In the case of 

HSP16.2 we also obtained the result we expected. When silenced with the same method
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mentioned above the veils suffered a greater damage when cells went exposed to those agents. 

The result of this and the previous thesis unequivocally confirms that, we found two 

previously uncharacterized proteins that affect cell death in different ways.

4. Effect of SOUL on ROS-production.
We hypothesized, inai incicascd ROS ibimuuuu cau^d by tlw p t^ u n ^  u í hun

ions possibly bound by SOUL would be responsible for the excess cell death. To test this, the 

endogenous and induced production of reactive oxygen species were measured in both the 

aqueous and in lipid phase of cells overexpressing SOUL. We found no evidence that SOUL 

would influence the production of ROS in vivo, therefore we rejected our hypothesis. Now we 

had to look for a new mode of action.

5. Effect of SOUL on the mitochondrial permeability transition and on the 

Mitochondrial Membrane Potential (Ai|/)

The role of mitochondrial permeability transition in cell death is a well studied 

phenomenon. To find a possible mode of action for SOUL protein we investigated its effect 

on mitochondria in vivo and also in vitro. First we tracked the change of the mitochondrial 

membrane potential in SOUL-overexpressing NIH3T3 cells using fluorescent microscopy. 

We detected, that in cells overexpressing SOUL the mitochondrial membrane potential 

collapsed faster than in control cells. This result raised our interest and mitochondria were 

isolated from rat liver to detect direct effect of SOUL in vitro. Recombinant SOUL, when 

added alone, had no effect on mitochondria, but when added with sub-threshold 

concentrations of calcium, SOUL provoked mitochondrial permeability transition. This effect 

of SOUL was concentration dependent. At the same time intermembrane proapoptotic 

mitcochondrial proteins such as cytochrome c, apoptosis inducing factor or endonuclease G 

were released to our reaction mixture in concentrations that were proportional to the 

concentration of SOUL. These data supports our view that SOUL mediates cell death 

primarily through the induction of mitochondrial permeability transition.

6. Role of mitochondrial permeability transition in SOUL-induced cell death process.

Cyclosporine A is a well known and widely used inhibitor of mitochondrial permeability 

transition. It binds to cyclophilin D in the mitochondrial permeability transition pore
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f concentrations of cyclosporine A in vitro and also in vivo. This 

I has specific effect on the mitochondrial permeability transition.

that ^Ol M

7 Flow cytometric analysis of SOUL induced cell death process.

We proved that SOUL induces cell death by acting on mitochondria, and provoking 

mitochondrial pernieabiiii} uunsiiiun. Since inPT is involved in both the nccrc.tic and 

apoptotic cell death depending on the nature and severity of the stimulus, we were interested 

whether SOUL overexpression facilitates either of them. Cells were treated with different 

agent and were stained with propidium iodide and FITC-conjugated Annexin V to distinguish 

between the two types of cell death. Using flow cytometry it was shown that irrespective of 

the stimuli SOUL increases the ratio of necrotic cell death even to the detriment of apoptotic 

one.
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