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Abstract 

The bisdioxopiperazines including dexrazoxane are strong catalytic inhibitors of 

DNA topoisornerase II. The aim of the following study was to examine the in vitro effects 

of dexrazoxane on the growth, cytotoxicity, rnorphology, ce11 cycle progression, and where 

applicable induction of apoptosis and differentiation of Chinese hamster ovary (CHO), and 

human erythroleukemic KS62 ce11 lines. Finally, a dexrazoxane-resistant strain of K562 

cells was selected and characterized for cross-raistance towards o tha  bisdioxopiperazines 

and antineoplastic agents. Daily exposure to dexrazoxane inhibited growth of both CHO 

and K562 ce11 lines, while pennitting a significant increase in ce11 size. Ce11 cycle analysis 

revealed that these cells were highly polyploid (up to 32 N DNA content). Confocal, 

electron, and fluorescence rnicroscopy revealed mulitlobed nuclei, and together with the 

presence of multiple centrosomes suggested continued ce11 cycling in the absence of 

cytokinesis. Mean protein and DNA content increased 3.8- and 5.4-fold respectively in 

CHO cells after 120 hr, and only margindly in KS62 cells. Delayed apoptosis was 

observed only in K562 cells as seen by an increase of sub-diploid apoptotic bodies, 

condensai and/or fiagmented fluorescent stained chromatin, and agarose gel electro- 

phoretic DNA laddering. Dexrazoxane induced erythroid-like differentiation in K562 

cells, as measured by increased hemoglobin content and glycophorin A staining. 

Dexrazoxane-resistant K562/DZ 1 cells (-1 26-fold), were highly cross-resistant towards 

ICRF- 154 and LCRF- 193, as well as against doxorubicin (2.4-fold) and etoposide (4-fold). 

Thus, the prevention of cytokinesis does not necessarily preclude continued ce11 cycling. 

The ability of the bisdioxopiperazines to induce differentiation and apoptosis suggests that 

these compounds may be useful in treating some types of leukemia. 
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Chapter 1 Introduction. 

1.1 Iron-based oxygen free radical tissue damage 

Oxygenderived free radicals commonly target membranes, nucleic acids, and 

proteins and have been implicated to play a significant role in various diseases and 

toxici ties through the induction of oxidative stress [ 1'21. Although oxygen radicals are 

produced naturally in biological systems their excessive production in response to dmg 

metabolism or other foms of insult can overwhelm antioxidant protective systems 

resulting in an oxidative stress [3] ,  intrinsicaily characteristic of: ischemic damage 

following myocardial infarction, drug toxicities, inflammatory-immune and radiation 

injury, as well as Parkinson's, Alzheimer's, and Crohn's disease [4-71. 

Hydrogen peroxide, superoxide, and hydroxyl radicals are the three most common, 

naturally produced oxygen species capable of damaging biological systems. Superoxide 

(02. -) can be produced by several biological reactions including: the respiratory electron 

transport chain of the mitochondria, by heme proteins, or the action of such oxidative 

enzymes as xanthine and aidehyde oxidases, as well as indoleamine and tryptophan 

deoxygenases [3]. Hydrogen peroxide is produced by the dismutation of superoxide and is 

further reduced to hydroxyl radicais in the following simplified sequence of reactions: 

2 0 2 ' - + 2 H '  + H 2 0 2 + 0 2  (hydrogen peroxide fonnation) { 1 ) 
o / ~ + F ~ ' +  + F ~ ~ + + O ~  (reduction of ~ e ~ 3  (2) 
Fe '+ + H202 + Fe '* + OH ' + OH - (Fenton reaction) (3 1 

The highly reactive hydroxyl radical can cause membrane ce11 damage via the 

initiation of lipid peroxidation chain reactions, consequently affecting the intracellular 



levels of such important ions as calcium and iron. Lipid peroxidation begins with the 

removal of an allylic hydrogen from an unsaturated fatty acid (LH), as follows 131: 

L H + O H e  -+ L m + H z O  
L ' + O z  -i LOO' 
L O O e + L H  + L O O H + L e  

1.1.1 Doxom bicin and the oxygen free radical mechanism of anthracycline- 
induced cardiotoxicity 

Doxorubicin (~driarn~cin@) and other anthracyclines are limited as useful 

antitumor agents in the treatment of a variety of cancers [8] due to their potentially fatal 

cumulative dose-limiting cardiotoxicity 161 and the expression of such side effects as 

myelosuppression, nausea, and alopecia [9]. As a consequence, the maximum 

recornrnended cumulative dose of doxorubicin is 550 mg/m2 [8]. Current evidence has 

suggested that the cardiotoxic effects of doxorubiçin which include congestive heart failure 

[IO], as well as reduced cardiac output and venous congestion can be attributed to iron- 

based oxygen fiee radical-induced oxidative stress [6,11- 1 31. Heart muscle tissue is 

commonly most affectai by the action of doxorubicin 114-161 due to a relatively low level 

of antioxidant protective enzymes [3,13,17] such as superoxide dismutase, catalase, and 

glutathione peroxidase which are nonnally able to protect other vital organs by 

diminishing accentuated levels of oxygen radicals through a series of biological reactions 

l-181. 

The potency of doxombicin cari be atûibuted to its site-specific effects on various 

cellular systems essential for survival resulting in DNA darnage, lipid peroxidation, and 

the inactivation of the mitochondrial electron transport chain [19,20]. The highIy reactive 



and potentidly cytotoxic oxygen fiee radical species which are responsible for these 

effects are generated through a one electron redox cycling of doxorubicin in a free or  ~e"-  

complexed form. Uncomplexed fiee doxorubicin (DOX) and other anthracyclines can 

redox cycle through the reduction to a semiquinone radical (reaction 7) [21]. This reaction 

is accomplished by the transfer of an electron to doxorubicin by one of several enzymes 

including xanthine oxidase, cytochrome P-450 reductase, and NADH dehydrogenase [2 1 1. 

Aerobic reoxidation of the doxorubicin semiquinone VOX ' 3 back to doxombicin 

transfers its electron to O2 to produce superoxide (equation 8). Oxidative darnage is 

subsequently mediated by the production of hydrogen peroxide and the extremely reactive 

hydroxyl radical through equations 1 and 3. 

DOX+e'  + DOX" 
DOX0'+02  + DOX+Osa 

Redox cycling can also occur through the stable Fe3+-doxorubicin complex which 

is formed in a 3: 1 ratio of anthracycline:~e3' [6].  The ~e~~doxorub ic in  complex may be 

able to initiate oxygen-radical lipid peroxidation through its site-specific targeting of the 

cardiolipin-rich inner mitochondrial membrane [22]. The Fe3'-doxorubicin complex is 

reduced to the ~e~'-doxorubicin complex by superoxide (equation 9) or by the doxorubicin 

semiquinone radical (equation 10) [23]. 

Fe '+-(DOX), + O2 ' - + Fe "-(DOX)~ + O2 
Fe '+-(Dox)~ + DOX '- + Fe 2 ' - @ ~ ~ ) 3  + DOX 

Ln the presence of oxygen the ~e~'-doxorubicin complex is regenerated producing 

superoxide (equation 1 1) and subsequently hydrogen peroxide (equation 1) as well as the 



hydroxyl radical through the oxidation of other foms of the ~e"-doxorubicin cornplex 

(equation 1 2). 

1.1.2 Protection agains t anthracycline cardiotoxicity with the an tioxidan t 
dexrazoxane 

The current development of antioxidant drugs has been prompted by iron- 

dependent oxygen fiee radical cardiotoxicity of anthracyclines such as doxorubicin, as 

discussed above. Ideally, adequate protection of susceptible organs to fke radical damage 

would consequently enable the administration of higher dosages of antitumor 

anthracyclines without compromising the integrity of healthy cells, pmticularly in the 

heart. Although many biological compounds including ascorbic acid (vitarnin C), 

glutathione, a-tocopherol (vitarnin E), p-carotene, and uric acid [24,25] have been shown 

to be effective antioxidants it is unlikely that they would be powerful enough to counteract 

the effects of antitumor therapy and myocardial injury. 

Cumently the cardiotoxic effects of doxorubicin administered to women with 

metastatic breast cancer is reduced by a clinically effective agent, known as dexrazoxane 

(ICRF- 1 87, ~inecard", or ~ardioxane@) [ 1426-281. Dexrazoxane is the (+)-(5')- 

enantiomer of racernic ICRF- 159, which in addition to other bisdioxopiperazine analogs 

(Fig. 1.1) were onginally synthesized as potentid antitumor [29] and antirnetastatic agents 

[30]. However, when co-administered with doxorubicin to prevent oxygen-mediated free 

radical damage, the antitumor activity of doxorubicin is unaffected [3 1,321. As a result 



this permits significantly higher cumulative doses of doxorubicin to be administered 

[26,33]. 

Dexrazoxane, in its native form is a non-polar uncharged compound able to 

transverse the ce11 membrane [34]. Once in the cell, dexrazoxane undergoes a slow ring- 

opening hydrolysis through enzymatic or non-enzymatic routes to its active metal ion 

binding fom, ADR-925 (D in Fig. 1.2) Ma one ~g opened intermediate forms, B and C 

(Fig. 1.2). In the Iiver and kidney under non-saturating conditions the one ring opening 

hydrolysis is catalyzed by dihydropyrimidine amidohydrolase (DHPase, EC 3.5.2.2) 

[35,36]. This is followed by a base-catalyzed second ring opening hydrolysis, which is 

otherwise responsible for complete hydrolysis once the dnig reaches its putative site of 

action, the heart. Under physiological conditions (pH 7.4 and 37"C), dexrazoxane 

disappean with a half-tirne of 9.3 hr, and ADR-925 accumulates with a half-time of 23 hr 

[37,38]. 

The hydrolysis reaction of dexrazoxane effectively transforms it fiom the status of 

a prodrug to that the active metal-chelating drug ADR-925, stmcturally sirnilar to EDTA 

(Fig. 1.1 ) [39]. However, unlike the polar compound EDTA dexrazoxane may have access 

to metal ions both intracellularly and extracellularly as it freely passively diffises back and 

forth across ce11 membranes before hydrolysis [40,41]. As the hydrolysis product of 

dexrazoxane, ADR-925 is a strong chelator of ~ e "  and CU", and has a much lower 

affinity for ca2+ and M ~ Z '  than does EDTA [39]. Cardioprotection against doxonibicin- 

induced iron-based oxygen free radical damage [42] likely occurs through the ability of 

ADR-925 to strongly chelate free iron [39], or to quickly and effectively remove iron fiom 

its complex with doxorubicin [40,43]. 



ICRF-154 Ri = R2 = H 
ICRF-159 RI = Hl R2 = CH3 (racemic) 

O ICRF-187 RI = H, R2 = CH3 ((S(-(+)) 
ICRF-186 RI = Hl R2 = CH3 ((R(-(-)) 

Oexrazoxa ne (ICRF-j 87) ICRF-192 Ri = Hl R2 = C2H5 (racernic) 
ICRF-193 Ri = R2 = CH3 (meso) 
ICRF-201 RI = R2 = C2H5 (meso) 
ICRF-202 RI = CH3, R2 = C2HS (erythro) 
ICRF-215 RI = CH3, R2 = C3H7 (erythro) 
ICRF-220 Ri = CH3, R2 = CH20CH3 (erythro) 

O 

Fig. 1.1. Structure of dexrazoxane (ICRF-187) and other bisdioxopiperazine analogs. 

8 

HOOC 7 
COOH 

H*NOCJ~ > CH3 N L~~~~~ 

A (ICRF-187, dewazoxane) / D (ADR-925) 

EDTA 

Fig. 1.2. Reaction scheme for the hydrolysis of dexrazoxane. 



1.2 Chemotherapeutic targeting of DNA topoisomerase II 

The human genome is comprised of billions of DNA base pairs encompassing 46 

chromosomes [44] whereby the cellular tùnctions of this genetic material is significantly 

influenced by such topological relationships as ovedundenvinding, knotting, or tangling. 

In order to manage this overwhelming amount of DNA, eukaryotic cells have evolved to 

contain a class of enzymes known as topoisomerases, capable of relieving torsional strain 

in DNA double helices without the expense of exorbitant amounts of energy. During many 

essential processes of DNA metabolism the tiee rotation of one strand around the other 

with the separation of the double helix is limited in part due to the length of DNA as well 

as its anchorage to nuclear maîrix regions [45]. Consequently, topoisomerases play an 

important role during DNA replication, RNA transcription, recombination, as well as in the 

segregation and condensation of chromosomes during mitosis [46-491. Beyond their 

essential physiological functions, topoisomerases have become of key interest as cellular 

targets for some of the most clinically active and cytotoxic anticancer agents used in the 

treatrnent of human malignancies [44,50]. 

1.2.1 Types of topoisomerase and their mechanism of action 

Within eukaryotes, the most characterized classes of topoisomerases are referred to 

as type 1 or type II topoisomerases. Type 1 topoisomerases are monomeric in their active 

fom, and without the expense of energy can alter DNA topology by passing a single 

strand of DNA through a transient single-stranded nick made in the opposing strand [50- 

521. As a result, these enzymes which are constitutively expressed throughout the ce11 

cycle [53] pemit a controlled rotation or swivel of over- and underwinding of the double 



helix to alter superhelical densities [51,54]. in contrast, type II topoisornerases are 

homodimeric and act by making a transient double-stranded break in the DNA duplex and 

passing a separate double-stranded molecule through the break, followed by resealing 

[46,54]. The catalytic cycle of topoisomerase II activity may be regarded as an ATP- 

dependent protein clamp mode1 [55,56] consisting of several steps catalyzing the transfer 

of a DNA phosphdiester bond to tyrosine residue 804 [57] via a transesterification 

reaction (Fig. 1.3). These steps include: enzyme-DNA binding at nodes (crossovers) in 

DNA (G or p p  segment) [58];  confonnational change concomitant with the binding of 

ATP and second duplex DNA (T or transport segment); pre-strand passage breakage- 

religation equilibrium via an intemediate enzyme-DNA complex; double-stranded DNA 

passage; pos t-strand passage breakage-religation equilibriurn; ATP hydrol ysis/enzyrne 

turnover, regenerating its active conformation [46,50]. As a consequence of its action 

topoisomerase II not only modulates over- and underwinding but also relaxes positive and 

negative supercoiled double-stranded DNA, catenates and decatenates cucular DNA, and 

is a major nuclear component of interphase cells, as well as a major polypeptide of the 

chromosome scaffold in mitotic cells [50]. Finaliy, there exist two isoforrns of 

topoisomerase II, a and p. Topoisornerase is expressed at constant low level [59] 

whereas topoisomerase a is expressed differentially over the ce11 cycle peaking in activity 

at G2/M [50,53,59,60], and is the more sensitive isofom to antineoplastic agents [50]. 



Fig. 1.1. The catalytic cycle of topoisornerase II activity. 1461 

1.2.2 Molecular interaction between drugs and topoisornerase II 

Topoisornerase-targeted drugs are capable of killing cancer cells in a unique and 

insidious fashion whereby the inhibition of this essential enzyme forms the basis for 

therapeutic intervention in a variety of cancers. Topoisornerase II inhibition can be 

classified into two mechanistically distinct classes, as explained in the following sections. 

1.2.2.1 Cleavable complex-forming topoisornerase II poisons 

This particular class of classical topoisornerase II inhibitors consists of intercalative 

and non-intercalative agents which include such clinically effective antineoplastic agents 

as the anthracyclines (doxorubicin and daunonibicin), epipodophyllotoxins (etoposide and 

teniposide), and m-amsacrine [50,6 1,621. Initially, it was believed that such agents as the 



anthracyclines were cytotoxic by virtue of their ability to intercalate between DNA base 

pairs, thus afTecting replication by interferhg with the spatial arrangement of DNA and 

stericdly hindering nuclear protein formation [61,63]. While this remains tme, these and 

other agents are now thought to be cytotoxic primarily through their ability to interact with 

topoisomerase II [50,64]. Specifically, these inhibitors stabilize, and increase the 

concentration of covalent topoisomerase II-cleaved DNA complexes that are requisite 

intermediates in the catalytic cycle of topoisomerase II. Therefore, instead of destroying 

the ability of topoisomerase II to mediate its essential cellular fùnctions these drugs rather 

subvert the enzyme into a potent physiological toxin [50,54]. 

Since topoisomerase II cleaves DNA in a sequential marner, stabilized 

topoisornerase II-DNA complexes are detected as protein-linked DNA single- or double- 

stranded DNA breaks in the genetic material of treated cells. Although the initial nucleic 

acid breaks present in these complexes are transient in nature [SOI they are converted into 

more permanent breaks when replication complexes (DNA pol yrnerase and helicase 

enzymes) attempt to transverse the covalently-bound topoisomerase II roadblock 

[44,50,54,65]. The presence of these breaks alone c m  greatly stimulate nucleic acid 

recombination and mutation events, as well as lead to the formation of various 

chromosomal abnormalities, and the triggering of ce11 death by apoptosis [50]. 

Higher levels of topoisornerase II expression are generally correlated with an 

enhanced sensitivity to the cleavable cornplex-fonning topoisomerase II inhibitors [50,66]. 

This is particularly evident in rapidly proliferating cells and in fast growing neoplastic 

tissues [50]. Although the stabilization of covalent complexes between topoisomerase II 

and DNA may be a precursor to ce11 death [66], cytotoxicity is not simply due to 



topoisomerase II inhibition. If enzyme inhibition was sirnply the mechanism of damage 

then the supposition of higher enzyme levels relative to increased resistance would remain 

true. Instead it is believed that the fomation of the cleavable-complex initiates a chain of 

events and cellular responses causing enzyme-mediated DNA damage which cannot be 

repaired. Such events may be comprised of replication fork blockage [67], interference 

wi th pol y(ADP-ribosylation) [68], G2 arrest, and apoptosis [69]. 

1.2.2.2 Non-cleavable cornplex-forming, catalytic inhibitors of topoisomerase II 

Inhibitors of this class have been reported to mediate an inhibition of the catalytic 

activity of topoisomerase II without stabilizing the topoisomerase II-DNA covalent 

complex, and without leading to the formation of DNA strand breakage. These drugs 

which include merbarone [70], fostriecin [7 11, suramin [72], aclarubicin [73], and the 

bisdioxopiperazines [74-771 are stnicturally diverse and do not necessarily share the sarne 

binding site, although they do appear to affect the ATP binding domain of topoisornerase 

11. The bisdioxopiperazines appear to inhibit topoisomerase II catalytically by blocking the 

entrance of DNA into the cavity of the enzyme. In particular, these agents induce a 

conformational change in topoisornerase II that results in the enzyme becoming trapped in 

an inactive closed clamp form, prior to the formation of the intermediate cleavable 

complex [76,78]. As a result, the stabilization of the closed clamp form causes an 

inhibition of the intrinsic ATPase activity of topoisomerase II and prevents recycling of the 

enzyme [79]. 

While it remains tme that the bisdioxopiperazines, particularly dexrazoxane are 

capable of reducing anthracyclùie c ytotoxicity through the intracellul ar chelation of crucial 



rnetals, their topoisornerase II inhibitory mode of action may be equally if not more 

fùndamental in its current clinical usage. Additionalfy, some potential may still exist for 

their usage in antitwnor [80,8 1 ] and/or antimetastatic treatment regimens [ 141. In fact, 

dexrazoxane and ICRF-159 have been shown to e k t i v e l y  inhibit to varying degrees the 

division of malignant and non-malignant cells, although a complete tumor regression has 

never been seen [ 14,821. Furthemore, ICRF- 1 59 has demonstrated antimetastatic activity 

in such models as Lewis lung carcinoma and sarcorna 180, attributable to its ability to 

prevent tumor ce11 dissemination [ 14,831. 

Although the bisdioxopiperazines are in general Iess cytotoxic than the cleavable 

complex-forming topoisornerase II inhibitors, their cytotoxic activity has been correlated 

with their ability to inhibit the catalytic activity of topoisomerase II [75]. This particular 

mode of topoisomerase II inhibition has generated some interest into whether the 

bisdioxopiperazines can antagonize the cytotoxicity of cleavable cornplex-forming dnigs. 

It is presumed that CO-administration with dexrazoxane would lock topoisomerase II into 

its closed clamp form [78] thus preventing the formation of an anthracycline-induced 

stabilized topoisomerase IEDNA cornplex. Previous studies have shown that the 

bisdioxopierazllies are capable of reducing protein-DNA cross-links and preventing 

induced strand breaks by etoposide, amsacrine, daunorubicin, and doxorubicin [77,79,8 11, 

as well as reducing the growth inhibitory cytotoxic effects of daunorubicin, doxorubicin 

[14,8 1,841 and etoposide [77,8 11. Ultirnately the use of such catalytic inhibitors to 

antagonize anthracycline-mediated growth inhibition would depend on such factors as 

schedule of administration, dmg concentration, topoisomerase II levels, and tumor types 

[84]. In fact, the exertion of synergistic or antagonistic effects on ce11 survival with two 



opposing types of topoisomerase II inhibitors, ICRF- 193 and etoposide has been shown to 

depend directly on the treatment schedule and dmg concentration [82,85]. Furthemiore, 

the activiîy of dexrazoxane is inversely proportional to topoisornerase II level, as 

dernonstrateci by an increased effectiveness in inhibiting etoposide-meàiated topoisomerase 

II-DNA covalent complexes in a ce11 line with reduced topoisomerase 11 protein levels 

[791 

1.3 Research conducted in this thesis 

The areas of research and studies conducted over the course of this thesis are based 

in part on the mechanistic inhibition of topoisornerase II conferrecl by dexrazoxane. 

Specifically, the long terrn molecular, mechanistic and morphological effects of 

dexrazoxane on various ce11 lines was investigated andor discussed. While there exists 

some overlap between chapters in terms of the protocols and methods ernployed, the 

inherent studies are very different if not evolutionary, as explained m e r  in subsequent 

chapter introductory sections. In Chapter 2 the effects of dexrazoxane on ce11 growth, ce11 

cycling, and mitotic structural components was primarily investigated in an imrnortai, non- 

neoplastic ce11 line known as Chinese hamster ovary (CHO) cells. In addition, this chapter 

covers a less extensive examination of similar attributes upon dexrazoxane exposure in a 

rnortal, primary heart fibroblast ce11 line, as well as in a previously established 

dexrazoxane-resistant (DZR) CHO ce11 line. In Chapter 3 the preceding principal effects 

of dexrazoxane exposure were explored fürther on a novel level using a multipotential, 

human erythroleukemic irnmortal ce11 line known as K.562. Speci ficall y, the capability of 

the bisdioxopiperazines, including dexrazoxane to induce hematopoietic ce11 differentiation 



towards erythroid andor megakaryocyte progeniton, as well as induce apoptosis was 

investigated. Finally, Chapter 4 çovers the selection and isolation of a dexrazoxane- 

resistant K562 ce11 Iine, its characterization, and analysis of cross-resistance towards other 

antineoplastic a d o r  topoisomerase II inhibitory agents. In addition, a preliminary 

examination was conducted on the susceptibility of these dexrazoxane-resistant K562 cells 

towards topoisomerase II inhibitor-induced differentiation and apoptosis. 
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Chsipter 2 Characterization of the effects of dexrazoxane on morphologicai, 
structurai, and ce11 cycle properties of Chinese hamster ovary ceus, and 
related ceU lines. 

2.1 Introduction 

2.1.1 The eukaryotic ceU cycle 

A typical eukaryotic cet1 cycle consists of four successive phases (Fig 2.1). During 

S phase, which entails DNA synthesis the normal diploid (2N) completnent of DNA is 

doubled resulting in the replication of chromosomes. M phase consists of nuclear division 

(mitosis) and cytoplasmic division (cytokinesis). Mitosis itself is composeci of several 

stages: prophase, prometaphase, metaphase, anaphase, and telophase. In general, 

chromosomes are first condensed, followed by the break down of the nuclear envelope, 

separation of sister chromatids, and the formation of two separate nuclei, identical in DNA 

content. Finally, separating both S and M phases and completing the ce11 cycle are two 

intervening gap phases, G2 and Gl [ 11. 
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Fig. 2.1. The stages of a typical eukaryotic ceIl cycle. [21 



The sequence of events during the ce11 cycle are nonnally tightly regulated so as to 

ensure precision in the replication and segregation of cellular material. As discussed later 

in further detail, negative feedback mechanisrns known as checkpoint çontrols exist 

throughout the cell cycle to ensure the proper timing and completion of various events 

subsequent to continued ce11 cycling [3,4]. With regards to the chemotherapeutic treatment 

of tumor cells, the fidelity of such checkpoint controls may dicate the degree of their 

susceptibility towards ce11 cycle blockage andior the triggering of ce11 suicide by apoptosis 

143 1 - 

2.1.2 Polyploidization 

In contrast to control tumors, those whose growth has been halted through 

chemotherapeutic intervention may contain many large multinucleated cells of abnormally 

enlarged ce11 volume [6] .  As a consequence, such cells are çonsidered to be polyploid in 

that they contain more than the normal diploid cornplexnent of chromosomal DNA, as well 

as other various intracellular constituents. Polyploidization results from the disruption of 

certain cellular events relative to others whereby cells undergo an endomitotic or 

endoreduplication event after each round of DNA replication. As ce11 cycle checkpoints 

are either aborgated or delayed these events occur in the absence of cytokinesis [7]. 

Naturally occumng polyploid cells can be found in angiosperms and insects, as 

well as in marnmals in liver parenchyma, heart muscle, and in the form of differentiating 

megakaryocytes which fragment into blood platelets. Such cells possess accentuated 

levels of gene expression and are often involved in fhctions requiring high metabolic 

activity [7]. in the context of studying ceIl cycle regdation anaor differentiation, 



polyploid cells can be induced in a ce11 line dependent manner by some types of 

topoisomerase II inhibitors which uncouple chromosome dynamics 60m other ce11 cycle 

events [8], as well as by tubulindepolymerizing agents including colchicine and colcemid 

[9], and inhibitors of actin polymerization such as cytochalasin B [IO]. 

2.13 The project under study 

Bisdioxopiperazines including ICRF- 1 87 (dexrazoxane), ICRF- 1 54, and ICRF- 193 

were originally synthesized as potential antitwnor [ 1 11 and antirnetastatic agents [12]. It 

was believed that due to their structural similarity to EDTA, a powerfiil chelating agent 

that they would be able to chelate trace metals crucial to the activity of many enzyme 

systems and therefore retard the growth of human or experimental tumors [ 1 Il .  Early 

investigations revealed that although ICRF- 159 (razoxane) and ICRF- 154 were both active 

against experimental mouse twnors [ 1 1 1, the observai cellular effects including toxicity 

were mediated through an inhibition of DNA synthesis [13]. Since that time the 

bisdioxopiperazine derivatives have been shown to dismpt essential cellular functions such 

as DNA synthesis, chromosome condensation, and segregation through the inhibition of 

DNA toposiornerase II activity [14,15]. Further studies have demonstrated the existence of 

a structure-activity relationship between topoisomerase II inhibition, the level of induced 

cytotoxicity [ 161, and ce11 line-specific growth inhibition [ 13,15,17,183 induced by the 

bisdioxopiperazines. 

In light of the above studies a great deal is known about the growth inhibitory and 

ce11 cycle perturbation effects of ICRF-159 on a number of different ce11 lines [17,19]. 

Additionally, only a few studies involving a iimited variety of ce11 lines have identifieci an 



obstruction of normal chromosome segregation by ICRF- 193 [8,20] and dexrazoxane [3] 

resulting in polyploidization. Because of poor water solubility and variable bioavailability 

of ICRF-159, the study and clinical use of the more soluble (+)-(5')-enantomier 

dexrazoxane has become more prominent in recent years [2 11. Therefore the present study 

was designed to provide a comprehensive analysis of the in vitro effeçts of dexrazoxane on 

the growth, cytotoxicity, morphology and ce11 cycle progression of normal (primary), and 

immortal cells of the rodent origin. Specifically, Chinese hamster ovary (CHO) and 

isolated primary rat heart fibroblast cells were exposed to dexrazoxane and examined for 

the alteration of a nurnber of properties, as compared to control cells. Furthemore, a 

dexrazoxane-resistant CHO ce11 line @ZR) was used as a control for most of these 

experiments. The results obtained in the present study, in combination with previous 

published reports have permitted herein some insight into the variable effects of prolonged 

dexrazoxane exposure on different ce11 Iines, including the mechanistic mitotic 

consequences with respect to dexrazoxane-induced topoisomerase II inhibition. 



2.2 CeU lines and cuituring conditions 

2.2.1 Materials 

Dexrazoxane (2inecardB, ICRF-187) was a gift of Pharmacia & Upjohn 

(Columbus, OH, U.S.A.). Trypan blue dye (cat. No. T-6146), HEPES (ceIl culture grade, 

cat. No. H-9136) was obtained fiom Sigma Chernical Co. (St. Louis, MO, U.S.A.). 

Sodium bicarbonate (NaHCO3, cat. No. BP328-079) and Wheaton double sideam 

suspension culture flasks (125 mL, Cat. No. 06-416-2C) were obtained fiom Fisher 

Scientific (Fairlawn, NJ, U.S.A.). Dulbecco's phosphate buffered saline (PBS, cat. No. D- 

5652), Dulbecco's alpha minimum essentid medium (a-MEM, cat. No. 12000-022), 

Dulbecco's modified eagle medium/F- 12 (DMEMIF- 12, cat. No. 1 2500-062), penicillin- 

streptomycin (cat. No. 25200-072), fetal bovine serum (FCS, cat. No. 26140-079), and 

=sin, 0.25% (w/v) in Hank's buffered salt solution (HBSS, without caZC or blg23 with 1 

mM NaEDTA (cat. No. 25200-072) were obtained fiom Gibco-BRL, Life Technologies 

Inc. (Burlington, ON). Na2EDTA (cat. No. 10093) was obtained fiom BDH Chemicals 

Ltd. (Toronto, ON). Sodium hydroxide (SN NaOH, cat. No. H369) was obtained tkom 

Mallinckrodt Specialty Chemicals Co. (Paris, KT, U.S.A.). Isoton II Coulter balanced 

electrolyte solution (cat. No. PN 8546719) was obtained fiom Bechan  Coulter inc. 

(Burlington, ON). Carbon dioxide (standard grade) was purchased fiom Welder's Supply 

(Winnipeg, MB). Microtitre plates (96-well, sterile, cat. No. 83.1835), 50 mL sterile PP 

conical centrifuge tubes (29x1 14 mm, cat. No. 62.547.004). ~ - 2 5 c m ~  (cat. No. 83.18 10) 

and ~ - 7 5 c m ~  (cat. No. 83.1813) PE red plug capped flasks for attached cultures, 35x10 

mm (cat. No. 83.1800) and 6-well (cat. No. 83.1839) tissue culture plates, 0.2 pm acetate 



syx-inge filters (cat. No. 83.1826.001) and al1 other plasticware were obtained fiom Sarstedt 

hc. (St. Leonard, PQ). Glucorneter ~ l i t e @  Blood Glucose Meter and test strips (Bayer 

Inc., Healthcare Division, Etobicoke, ON). 

2.2.2 CeU growth and culturing conditions 

Cell lines: Three ce11 lines were used to various lengths in the experiments outlined in the 

following sections of this chapter. First, a wild type Chinese hamster ovary (CHO) ce11 

line (type AM;  ATCC CRL-1859) was obtained Erom the American type Culture 

Collection (Rockville, MD). Second, a dexrazoxane-resistant (DZR) ce11 line was 

previously established in our laboratory by exposwe of the CHO ce11 line to increasing 

concentrations of dexrazoxane over an extended period of time. Dexrazoxane resistance in 

DZR cells is 1500-fold greater than parental CHO cells [22], and is presumably attributed 

to a recently localized Thr48Ile mutation at the dimer interface of DNA topoisornerase II 

[23]. Finally, a pnmary neonatal fibroblast ce11 line was isolated fiom 2-day-old Sprague- 

Dawley rat hearts in combination with neonatal ventricular myocytes by GuQi Wang in 

Our laboratory, as previously described [24]. 

Preparation of media: Ce11 culture media were prepared by dissolving one pack (10 g) of 

a-MEM or DMEM/F-12,4.76 g of HEPES, and 2.2 g of NaHC03 in 700 mL of ddH2O. 

The pH of the solution was adjusted to 7.1 with 5 N NaOH. Next, 10 mL of penicillin- 

streptomycin and 200 mL of ddHzO were added aseptically to bring the final volume to 

900 mL, followed by sterile filteration through a 0.2 pm Nalgene bottle top filter (Nalgene 

Company, Rochester, New York). The solution was stored at 4°C for up to one month, 



where upon use 100 mL, or 10% (vlv) of fetal bovine senun (FCS) was added under sterile 

conditions. 

Culturing of cells: CHO and DZR ce11 Iines were grown in a-MEMECS, as either 

adherentlattached cultures in T-flasks or tissue culture plates, or as suspension cultures in 

double sidearm suspended bar, magnetic spimer flasks. In the case of the latter method, 

stimng speed was adjusted to -1-2 rotationslsec with the use of an voltage controlling 

device (Variac) so as to minimize shear forces and adverse effects on ce11 viability. Heart 

fibroblast cells were grown in DMEM/F- 12/FCS as adherent cultures in T-flasks or tissue 

culture plates. Cells were grown in an atmosphere of 5% (vh) COz at 37OC. 

Harvesting and seeding cf cells: Adherent çells in exponential growth approaching 

confluence (T-25cm2 fiasks: 10x 106 cells, ~ - 7 5 c m ~  flasks: 30x 1 o6 cells, and 35x 10 mm or 

6-well tissue culture plates: 3x10~ cells) were harvested as follows: After rernoval of 

conditioned medium fiom the flask, cells were washed once with 10 mL of Dulbecco's 

phosphate buffered saline (PBS). Next, 1 mL of 0.25% (wh) trypsin in Hank's buffered 

salt solution (without caZ' or ~ ~ ' 3  with 1 rnM EDTA was added (2 mL for T-75cm2 

flasks and 0.3 mL for 35x10 mm plates), and the flask was tottered back and forth gently 

for up to 5 min until cells had detached fiom the bottom of the flask. Trypsin was then 

inactivated by the addition of 9 quivalent volumes of complete cell culture medium 

followed by the transfer of the entire contents into a sterile conical centrifuge tube and 

centrifugation at 250 g for 10 min. Afierwards, the supernatant was removed and cells 

were resuspended in 10 mL of ce11 culture medium. Suspension cells in exponential 

growth approaching maximum ce11 density (-1 x 1 o6 cells/mL) were simply diluted to lower 

starting concentrations (2 25,000 cells1mL). A mode1 Zf Coulter counter (Coulter 



Electronics, Hialeah, FL, U.S.A.) was used to assess ce11 densities (celldmL) fkom 

aseptically rernoved samples in order to subsequently seed cells at desired levels (see 

Appendix A.2) 

Drug preparation and deiivery: Dexrazoxane ( M W  = 268.28 g/mol) was dissolved in ceIl 

culture medium, filter sterilized through a 0.2 pm acetate syringe filter and added to ce11 

cultures at - 1 - 10 % (vh) as per concentration used. 

Assessmenl of viability: Trypan blue dye (0.6% w/v) was prepared by dissolving 0.6 g of 

dye in ddH20 wntaining 150 rnM NaCl and 1 mM Na2EDTA. Ce11 viability was assessed 

in a trypan blue dye exclusion analysis by diluting culture samples 1: I with trypan blue 

dye. A minimum of 500 cells were counted under a hemacytometer chamber followed by 

the determination of the percentage non-viable (blue) cells per total number of cells 

counted. 

Assessrnent of glucose fevels: Depletion of media nutrients was followed indirectly by 

rneasuring the glucose content level from conditioned culture media. This was 

accomplished by the use of a blood glucose meter (Glucometer ~l i te@, Bayer Lnc.). For 

each measurement individual test strips were rernoved fiom their package by carefully 

folding back the foil ends to expose the meter ends of the test strip. Next, the test strip was 

inserted into the meter registering a beep, as it was held between the foil ends. The base of 

the test strip was then applied to a small drop of the sample media placed ont0 the foil 

wrapper. After 29 sec the final glucose content level was diplayed on the meter in nits of 

rnmoVL. 
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2.3 Cytotoxicity analysis of dexrazoxane on CHO and DZR ceils 

2.3.1 Introduction 

A series of dexrazoxane cytotoxicity experiments were conducted on CHO and 

DZR cells in order to assess and compare the level of growth inhibition determined by NO 

separate methods of analysis. Cytotoxicity was first evaluated using a colorimetric MTT 

(3-(4,s-dimethylythiazol-2-y1)-2,5-diphenylteoli bromide) assay. MTï is a soluble 

tetrazolium salt which is enzyrnatically reduceù into an insoluble dark blue fonnazan 

crystal by actively metabolizing cells [25] .  In general, a linear relationship exists between 

the number of viable cells in culture and level of fonnazan production, evaluated by 

absorbance after solubilization in DMSO. As a more direct measurement of cytotoxicity, 

the actual number of intact cells remaining in culture after dexrazoxane treatment was 

additionally assessed in a ce11 counting analysis with the use of a mode1 Zf Coulter counter. 

Finally, dexrazoxane cytotoxicity of CHO cells was assessed by MTT analysis under 

different conditions of dnig exposure and media replacement so as to determine their effect 

on ce11 proliferation and hence median inhibitory concentration values. 

2.3.2 Materials 

MTT (98%, TLC, cat. No. M-5655) was obtained fiom Sigma Chemical Co. (St. 

Louis, MO, U.S.A.). Dulbecco's phosphate buffered saline (PBS, cat. No. D-5652), 

Dulbecco's alpha minimum essential medium (a-MEM, cat. No. 12000-022), fetd bovine 

serum (FCS, cat. No. 26140-079), and trypsin, 0.25% (w/v) in HBSS (without ca2' or 

~ ~ ' 3  with 1 mM NaEDTA (cat. No. 25200-072) were obtained fiom Gibco-BRL, Life 



Technologies hc. (Burlington, ON). DMSO (used for MTT assay, cat. No. 4948) was 

obtained fiom Mallinckrodt Specialty Chernicals Co. (Paris, KT, U.S.A.). Microtitre 

plates (96-well, cît. No. 83.1835) were obtained fiom Sarstedt Inc. (St. Leonard, PQ). 

2.3.3 Methods 

2.3.3.1 Cytotoxicity experiments by MTT analysis 

2.3.3.1.1 Seeding of cells and delivery of drug to microtitre plates 

Exponentially growing CHO and DZR cultures were harvested from T-flasks with 

trypsin-EDTA and then seeded ont0 stenle 96-well microtitre plates in 100 PL of 

a-MEMBCS per well. CHO cells were seeded at 2000 cells/well, and DZR cells at 5000 

cells/well, and allowed to attach for 24 hr before dmg solutions were added. AAer the 

appropriate quantity of dexrazoxane was weighed and solubilized, as described in Section 

2.2.2 drug stock solutions were prepared and added to the microtitre plates using a 

muhichanne1 pipettor. Appropriate volumes of  a-MEM/FCS were added to the wells with 

celis for a final volume of 200 pL/well. Six replicates were performed at each 

concentration of dexrazoxane. Into al1 outer wells that did not contain cells (rows A and H, 

and column 1) was placed 200 pL of PBS for spectrophotometer blanking and to prevent 

evaporation of media fiom inner wells which contained cells and dmg. 

DZR ce1Is were incubated in the presence of dexrazoxane for 72 hr with no 

intervention. CHO cells were also incubated for 72 hr, but were exposed to dexrazoxane 

under 3 separate conditions: (i) no intenxmtion over the 72 hr periodl (ii) media only 



changed after 48 hr, or (iii) media and drug changed afier 24, 48 hr of incubation. The 

changing of media in the latter two protocols was achieved by gently aspirating off the 

conditioned media followed by the addition of 200 PL of either k h  media or media with 

drug in the same manner as before. 

2.3.3.1.2 Measurement of cytotoxic effects 

After 72 hr of growth in the presence of dexrazoxane, ce11 suMval was measured 

by the MTT assay [26,27]. MTT is a yellow tetrazolium salt (3-(4,s-dimethylthiazol-2-y1)- 

2,s-diphenyltetrazolium bromide) which is wnverted into water-insoluble blue formazan 

crystals by mitochondrial cytosolic dehydrogenase whereby the amount of fonnazan 

produced is directly proportional to the number of viable cells. To the wells of each plate 

was added 20 pL of 0.25% (wlv) MTT tetrazolium salt prepared in PBS. Plates were then 

incubated for 4 hr at 37°C in a humidifed 5% (v/v) COz atmosphere followed by the 

removal of ce11 culture medium and the addition of 100 pL of DMSO to dissolve the 

crystals. A Thermomax 96-well plate reader (Molecular Devices, Menlo Park, CA, 

U.S.A.) was used to measure absorbance at 490 n m  in the wells. Absorbance was 

comected for non-specific, scattered light by subtracting the absorbance at 650 nm from the 

absorbance at 490 nm. 



Data from al1 cytotoxicity experiments was inputted into Sigrnaplot (Jandel Corp., 

San Rafael, CA, U.S.A.) and used to determine the 50% median inhibitory concentration 

(IC5& Prior to graphical representation of dose-response c w e s  outlier absotbances were 

rernoved empirically with statisticai relevance using the provided transform file entitfed 

!ouriier.xfnt (integrai equations not shown). Non-linear, least-squares fitting of the 

absorbance-drug concentration data was perfonned in SigmaPiot using the following three- 

or four-parameter logistic equation, 

where A ~ s ~ ~ ~ ~ ~ ~ ~  is the absorbance at 490 MI minus the absorbance at 650 nm, x is the drug 

concentration, c is the median inhibitory concentration (ICso), b is the Hill-type 

exponential factor indicative of the rate at which toxicity ùicreases with increasing drug 

concentration, a is the estimated maximal absorbance and d is the estimated background 

absorbance at the highest dmg concentration. When the background absorbance is close to 

zero d was set equal to O, thus giving a three-parameter equation. The values of b and c 

were initially computed from a two-parameter fit afier substitution of the a and d values. 

Subsequently, more accwate values of b and c were detmined upon the iteration of a 

three- or four-parameter fit equation with the inclusion of the same a and d values and the 

b and c values computed fiom the two-parameter fit equation. 



2.3.3.2 Cytotoxicity experiments by ceîl counting analysis 

Colorimetric assays such as M T ï  are one of the most cornmon methods for 

evaluating the effect of drugs on growth and survival of cells in culture. In general, the 

M T î  assay gïves a good concordance between the number of viable cells in culture and the 

production of formazan, based on the mitochondrial dehydrogenase activity in viable cells 

[28]. However, on occassion in similar tumor ce11 lines [28] discrepancies may exist 

between the actud nurnber of cells and the level of formazan production. To îhat effect, 

dexrazoxane-mediated cytotoxicity in CHO and DZR celis was evaluated directly by ce11 

counting, and subsequentl y compared to results obtained b y M ï T  cytotoxicity anal ysis. 

Cells in exponential growth were harvested and seeded into individual wells of 

6-well tissue culture plates and brought to 3.4 mL with a-MEM/FCS. CHO cells were 

seeded at 2 . 5 ~ 1 0 ~  cells/well, and DZR cells at 6 . 5 ~ 1 0 ~  cells/well followed by a 24 hr 

incubation period at 5% (vlv) COz and 37OC to allow for ce11 attachent. Next, O. L mL of 

requisite stock solutions of dexrazoxane were added in replicate (x2 wells) to produce the 

desired final concentration (total volume 3.5 mL). After 72 hr of growth, cells were 

harvested with trypsin-EDTA followed by quenching to volumes of 3 mUwell with 

a-MEWFCS, as outlined previously (Section 2.2.2). Ce11 concentrations, and then total 

number of cells per well in the 3 mL volume were determined fiom removed sample 

aIiquots on a mode1 Zr CouIter counter using a threshold setting of 7 (140 p m  aperture 

tube, Ilamp. = 2, llapcurrent = 2, diameter cutoff z 7.7 pm) for DZR cells and a threshold 

sening of 7 (100 p m  apemire, llamp = 2, l/ap.curr = 8, diameter cutoff n 8.7 pm) for CHO 

cells, as explained in Appendix A.2. The median dexrazoxane inhibitory concentration 



(ICso) was determined in the same fashion as before (Section 2.3.3.1.3) fiom constxucted 

dose-response c w e s  of the totai nurnber of cells/weIi versus dexrazoxane concentration. 

2.3.4.1 Cytotoxicity of dexrazoxane towards CHO and DZR cells 

The individual values of the median inhibitory concentration (ICso) of each 

cytotoxicity Expriment are presented in Table 2.1. Illustrated in Fig. 2.2 and 2.3 are the 

cytotoxicity profiles for dexrazoxane towards CHO and DZR cells as determined by either 

MTT or ce11 counting anaiysis. The corresponding mean inhibitory concentration values of 

dexrazoxane on CHO cells was 5.2 f 0.4 pM and 3.5 t 0.1 pM, and on DZR cells was 

2236.0 + 172.1 pM and 1648.0 1+ 91.9 pM as determined by MTT and ce11 counting 

analysis, respectively. The resistance factor for dexrazoxane in DZR cells as compareci to 

CHO cells was deterrnined to be 430-fold by MTT anaiysis, and 47 1-fold by ce11 counting 

anal ysis. Daily exposure to dexrazoxane with media replacement gave an ICso value of 5.0 

t 0.6 pM, and media replacement ody  at 48 hr produced an ICso value of 4.8 I 0.3 PM, as 

detennined by MTT analysis. Although CHO cells were seeded at the sarne nurnber of 

cells/well in each plate absorbante vaiues were noticably higher in the MTT cytotoxicity 

profile for ceils exposed daily to dexrazoxane acçompanied by media replacement. This 

result possibly suggests the maintenance of a healthy culture with media and nutrients 

replacement. 
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Fig. 2.2. CHO and DZR ce11 growth inhibition by dexrazoxane without media 
replacement. CHO (O) and DZR (a) cells were incubated for 72 hr in the presence of 
dexrazoxane; (a) ICso I S.E. were 5.2 + 0.4 FM and 2236.0 f 172.1 p M  for CHO and 
DZR ce11 lines, respectively as determined by M T ï  analysis; (b) ICso + S.E. were 3.5 + 
0.1 pM and 1648.0 f 91.9 p M  on CHO and DZR ce11 lines, respectively as detennined 
by ce11 counting analysis on a mode1 Zf Coulter counter. The curves represent the results 
of least squares non-linear regression fits of measured values to three- or four-parameter 
logistic equations. The error bars represent standard deviations. Concentrations of O PM 
are plotted for convenience with an arbitraqt value for the purpose of clarity. 



Fig. 2.3. CHO cell growth inhibition by dexrazoxane with mediddrug replacement. 
CHO cells were incubated for 72 hr in the presence of dexrazoxane with media and drug 
replaced every 24 hr O, or with only media replaced after 48 hr (O). Growth 
inhibition was quantitated by MTT analysis, producing ICSO t S.E. values of 5.0 k 0.6 

and 4.8 + 0.3 pM for the above medialdrug replacement protocois, respectively. The 
cuwes represent the results of least squares non-linear regression fits of measured values 
to four-parameter logistic equations. The error bars represent standard deviations. The 
lowest concentrations are the zero values, plotted for convenience on a logarithmic scale 
wi th arbitrary values. 



Table 2.1 Cytotoxicity of dexrazoxane towards CHO and DZR ceii lines. 

Method of 

analvsis 

MT?' assay 

Ce11 counting 
anal ysisb 

Ce11 line 

CHO 
DZR 
CHO' 
CHO* 

CHO 
DZR 

S.E. 

(PM) 

0.4 
172.1 
0.6 
0.3 

o. 1 
91 -9 

C.V. 

(%) 

6.8 
7.7 
12.3 
6.9 

3.2 
5.6 

Resistance 

factorC 

1 CHO celIs exposed to dexrazoxane daily with media replacement. 

CHO cells exposed to dexrazoxane once with media replaced at 48 hr. 

a The individual median inhibitory concentrations of dexrazoxane on CHO and DZR ce11 
lines and their S.E. and 96 C.V. Cytotoxicity was measured by MTT assay or ce11 
counting analysis on a mode1 Zr Coulter counter after a 72 hr exposure to dexrazoxane. 
The ICS0 is the concentration of dexrazoxane at which ce11 growth is 50% of the 
maximum observed inhibition. These values were obtained by fitting absorbante or ce11 
nurnber data to three- or four-parameter logistic equations. 

b Ce11 counting analysis using a Coulter counter threshold of 7 (140 Fm aperture, 
l/amp.= 2, l/ap.current = 2, diameter cutoff s 7.7 pm) for DZR cells and threshoId of 7 
(100 p m  aperture, l/amp.= 2, l/ap.current = 8, diameter cutoff z 8.7 pm) for CHO cells 

Resistance factor: the ratio of the median inhibitory concentration of dexrazoxane on 
CHO and DZR cells afier one exposure. 



2.4 Effecb of derrazoxane on the proliferation and normal growtb of suspension 
and adherent ceU cultures 

2.4.1 Introduction 

In the following section, under similar conditions of dexrazoxane exposure the 

characteristics of cell growth, including doubling tirne and viability were examineci in 

various ce11 lines. It was important to investigate how both immortal (CHO and DZR) and 

non-imrnortal (primary heart fibroblasts) ce11 lines behaved in the presence of dexrazoxane, 

as well to as assess the growth patterns of these cells under different conditions of 

exposure and culturing. Furthmore, the conditions established at the conclusion of this 

section, with respect to dexrazoxane exposure and nutrience replenishment helped to serve 

a fbndamental basis for the design of al1 subsequent experiments. 

2.4.2 Methods 

2.4.2.1 Growth curve characteristics of CHO cells exposed to dexrazoxane under 
dinerent conditions 

In the following experiment CHO cells were exposed separately to 3 different 

concentrations of dexrazoxane and aIlowed to grow as adherent cultures for up to 96 hr 

alongside unexposed control cells. Cells were treated to different concentrations of 

dexrazoxane under separate exposure and media replacement conditions, and the depletion 

of nutrients were followed by monitoring giucose levels, as descnbed in Section 2.2.2. 

The purpose of this initial experiment was first, to establish an ideal concentration of 

dexrazoxane to sufficiently inhibit ce11 pro:iftration and second, detemine how often 



media should be replaced in order to maintain the basic necessities for the continuation of 

ce11 growth, if possible. 

Cells in exponential growth were harvested and seeded ont0 60 individual 35x10 

mm tissue culture plates at 1.3~10' celldplate. and brought to 3.4 mL with a-MEM/FCS. 

This was followed by a 24 hr incubation period at 5% (v/v) CO2 and 37OC to allow for ce11 

attachment. To each set of 18 individual plates was added 0.1 mL of the requisite stock 

dmg solution to produce final dexrazoxane concentrations of either 5,20, or 100 pM (total 

volume 3.5 mL). Three separate drugging protocols were performed dongside control 

cultures to examine the effects of different dexrazoxane treatment periods on ce11 growth. 

In the first protocoI, cells were treated once with 5,20, or 100 p M  dexrazoxane at O hr and 

were allowed to grow with media replaced aseptically afier 48 hr of exposure. in the 

second protowl, cells were treated daily with 5, 20, or 1 0 0  PM dexrazoxane combined 

with media replacement in the same manner as before. And in the third protocol, cells 

were treated with 5, 20, or 100 FM dexrazoxane at O hr and 48 hr of exposure, with media 

replacement at these time intervals. After every 24 hr interval of growth 2 replicate plates 

respective for each dexrazoxane concentration and drugging protocol were analyzed for 

glucose content followed by harvesting with trypsin-EDTA and quenching to volumes of 

3 muplate with a-MEWFCS, as outlined previously (Section 2.2.2). Ce11 densities, and 

then total number of cells per plate in the 3 mL volume was determined fiom rernoved 

sarnple aliquots on a mode1 Zf Coulter counter using a threshold setting of 7 (140 pm 

aperture tube, l/amp. = 2, l/ap.current = 2, diameter cutoff z 7.7 pm), as explained in 

Appendix A.2. 



2.4.2.2 Comparing the effcts of dexrazoxane on the growth curves and 
proliferation rate in CHO, DZR, and rat heart fibroblast ceUs 

As determined in the previous section, inhibition of CHO ce11 proliferation was 

achieved with minimal imrnediate effect on viability when a dexrazoxane drugging 

protocol of twice or daily exposure at LOO p M  was combined with media replacement 

(Section 2.4.3.1). The growth curves and proliferation rates of these ce11 lines exposed 

under such conditions were exarnined. in particular, the growth of CHO cells exposed to 

dexrazoxane was directly compared to DZR cells, a dexrazoxane-resistant ceIl line, as well 

as to a mortal isolated primary fibroblast ce11 line corn the hart  tissue of neonatal rats. 

Furthemore, the growth potential of adherent vs. suspension CHO cells cultures exposed 

to dexrazoxane was additionally contrasteci in light of the context of future experiments. 

Finally where applicable, protiferation rates and percent viability of cultures were 

exarnined. 

2.4.2.2.1 Growth and exposure of adherent CHO cells to dex~a7oxane 

CHO cells in exponential growth were harvested and seeded ont0 42 individual 

35x 10 mm tissue culture plates at 1 .1~1 O* cells/plate, and brought to 3.4 mL with 

a-MEM/FCS. This was followed by a 24 hr incubation period at 5% (v/v) CO2 and 37°C 

to allow for ce11 attachent. To 24 of the 42 individual plates was added 0.1 mL of a 

requisite stock dmg solution to produce a final dexrazoxane concentration of 100 PM, and 

to the other 18 plates was added 0.1 mL a-MEMECS (total volume 3.5 mL). Cells 

initially treated with 100 pM of dexrazoxane were subsequently exposed on a daily basis 

in a sirnilar manner as before. Specifically, media was gently aspirated off these plates 



followed by the addition of 3.5 mL of relatively fiesh media (30:70 conditioned to fksh 

a-MEWFCS), containing 100 p M  dexrazoxane. At each indicateù time interval of growth 

2 replicate plates respective of control and exposed cultures were harvested with trypsin- 

EDTA followed by quenching to volumes of 3 muplate with a-MEMECS, as outlined 

previously (Section 2.2.2). Ce11 densities, and then total number of cells per plate in the 

3 mL volume were determined f?om removed sample aliquots on a mode1 f i  Coulter 

conter  using a threshold setting of 7 (140 pm aperture tube, l/arnp. = 2, 1lap.current = 2, 

diarneter cutoff s 7.7 pm), as explained in Appendix A.2. 

2.4.2.2.2 Growth and exposure of suspension C'NO and DZR cells to dexrazoxane 

Exponentially growing adherent CHO and DZR cultures were harvested fiom 

T-flasks and seeded to inital concentrations of 0 . 2 5 ~ 1 0 ~  cells/mL into double sidearm 

suspension culture spinner fiasks. Upon reaching a state of exponential growth in 

suspension culture, CHO cells were diluted to starting densities of 0 . 2 5 ~ 1 0 ~  celldmL and 

2 . 2 5 ~ 1 0 ~  cellslml in control and dexrazoxane exposed spinner flasks, respectively. 

Similarly, DZR cells were diluted to a starting density of 0 . 2 5 ~ 1 0 ~  cells/mL. This was 

followed by the addition of 1-10 mL of requisite stock drug solutions to designated flasks 

in order to produce a final dexrazoxane concentration of 100 p M  (total volume 50-300 

mL). On a daily basis following removal of the required number of cells for analysis, the 

rernaining dexrazoxane-treated CHO or DZR cells were aseptically combined separately, 

centrifuged at 250 g for 12 min in 50 mL sterile conical tubes, and resuspended in an 

appropriate volume of -80% fresh a-MEM/FCS in an attempt to maintain ce11 densities 

approximately equivalent to that of before centrifbgation. In some cases, where indicated 



this was followed by the subsequent re-addition of dexrazoxane adrninistered to the same 

concentration of i00 PM, and in the same fashion as before. CHO cells were exposed to 

dexrazoxane either at 0,24 h. or daily, whereas DZR cells were exposed oniy at 0,24 hr. 

Depletion of nutrients in cultures were followed indirectly by monitoring the 

change in glucose levels with the use of a glucorneter, as described in Section 2.2.2. 

Media was consequently replaced in control CHO cultures to approximately equivalent cell 

densities after 36 and 60 hr of gowth when the glucose level had diminished to half of its 

initial value. In a similar manner, media was replaced in dexrazoxane-treated DZR 

cultures at 24, 62, and 85 hr of growth. 

At indicated time intemals 1-2 mL aliquots were aseptically removed fkom each 

culture using a sterile Pasteur pipet. Ce11 viability was assessed as explained earlier in 

Section 2.2.2. CeIl densities were detennined by counting on a mode1 Zr Coulter counter 

with a threshold setting of 7 (140 pm aperture tube, l/amp. = 2, l/ap.current = 2, diarneter 

cutoff s 7.7 pm), as explained in Appendix A.2. The validity of these densities were 

assessed in a separate trial by comparing to ce11 counts detennined in a hemacytometer 

charnber. Final growth cwves were corrected for slight changes in ce11 density with media 

replacement so as to maintain continuity. in bnef, this nonnalization was achieved by 

multiplying in series by a differing numerical factor (+/-) in which the ce11 density changed 

fiom its determination after centrifbgation and resuspension to the following 24 hr interval, 

as explained later in Section 3.2.2.2.1. 



2.4.2.2.3 Growth and qvosure of adherent rat heartjibroblast cefi.. to darazoxane 

Due to their lirnited lifespan, neonatal rat heart fibroblast cells were allowed to 

reach exponential growth 5 days after their initial isolation. At this time cells were 

harvested with trypsin-EDTA and seeded ont0 35x 10 mm tissue culture plates at 2 . 5 ~  1 o4 

cells/plate for 24 control plates and at 7 . 5 ~ 1  o4 celldplate for 24 dexrazoxane treated plates, 

al1 brought to 3.4 mL with DMEM/F-luFCS. This was followed by a 48 hr incubation 

period at 5% (v/v) CO2 and 37OC to allow for ce11 attachent. To 24 of the 48 individual 

plates was added O. 1 mL of a requisite stock drug solution to produce a final dexrazoxane 

concentration of 100 PM, and to the other 24 plates was added 0.1 mL DMEM/F- 12/FCS 

(total volume 3.5 mL). Cells initially treated with 100 p M  of dexrazoxane were 

subsequently exposed on a daily basis with media replacement in an identical manner with 

respect to adherent CHO cells (Section 2.4.2.2.1). In addition, media alone was replaced 

daily in al1 control unexposed plates. At each indicated time interval of  growth 2 replicate 

plates respective of control and exposed cultures were harvested with trypsin-EDTA 

followed by quenching to volumes of 3 muplate with DMEME-12/FCS, as outlined 

previously (Section 2.2.2). Ce11 densities, and then total number of cells per plate in the 

3 mL volume were determined fiom removed sarnple aliquots on a mode1 Zf Coulter 

counter using a threshold setting of 7 (1 00 p m  aperture tube, l/amp. = 2, 1 /ap.current = 8, 

diarneter cutoff z 8.7 pm), as explained in Appendix A.2. Viability was assessed as 

explained in Section 2.2.2 a h  a brief centrifugation at 250 g for 5 min in order to obtain 

quantifiable ce11 densities. 



2.4.2.2.4 Determination of gr0 wth rates and doubling times of cuhred cells 

In most control unexposeci cultures it is a comrnon occurrence to observe a decline 

in growth ability beyond a point of confluence. In the case of suspension cells this begins 

to occur at maximum ce11 densities above 1 x 106 cells/ml. As explained later in mer 

detail (Section 3.2.2.2.2) the following single exponential rise equation was used in 

Sigrnaplot (Jandel Corp., San Rafael, CA, U.S.A.) to empirically calculate the growth rate 

and doubling time of the above mentioned ce11 cultures when conditions of exponentiai 

growth were evident. 

C, = Coe where, Ci = the ce11 density at time t (cells/mL) 
Co = the starting initial seeded ce11 density (celldml) 
e = the base of the natural logarithm 
K = the growth rate constant (hr -') 
t = the time at which C, is detennined 

2.4.3 Results 

2.4.3.1 CHO ceil growth after exposure to different dexrazoxane drugging 
regimens 

Initial experiments investigating the effects of various exposures of dexrazoxane on 

CHO ce11 growth are demonstrated in Fig. 2.4. Single, daily, or intermittent exposure of 

cells to either 20, or 100 pM of dexrazoxane was able to immediately inhibit fiirther ce11 

growth, irrespective of the number of dosages andor the fiequency with which media was 

replaced (Fig. 2.4b, c). These cells were noticably larger in size aftef 96 hr of exposure. 

Exposure of cells to 5 FM of dexrazoxane did not produce an immediate inhibition of ce11 

growth in any of the drugging regimens exarnined (Fig. 2.4a). After 96 hr of daily 



exposure to 5 pM dexrazoxane ce11 numbers appeared to no longer increase, as comparexi 

to the single or intermittment 5 p M  dnigging regimens. 

Deprivation of glucose content levels in al1 treated cultures were monitored as 

displayed in Fig. 2.5. At indicated intervals when media was replaced the new glucose 

level of 6.1 rnmoüL was not shown for the purpose of clarity and continuity in these plots. 

The increase in glucose level fkom 48-72 hr in cultures having media replaced only at 48 hr 

is reflective of this trend and should not be taken in context of an actual increase of culture 

media glucose level. Cultures treated with either 20, or 100 p M  dexrazoxane reveaied 

similar decreasing trends in glucose content when comparing thz individual drugging 

protocols (Fig. 2Sb and c). As cells gradually became larger in these cultures daily medîa 

replacement was able to sustain the continueci depletion of glucose and other nuîrients as 

the energy demands in these non-dividing cells remaineci. Glucose content levels 

decreased slightly faster in 5 pM dexrazoxane-treated cultures due to continued 

exponential ce11 growth. Overall, these results suggest that 100 p M  of dexrazoxane 

combined with daily media replacement will best inhibit CHO ceIl division while 

rnaintaining a consistent level of essential nutrients. Concentrations of dexrazoxane as 

such, shown above and previously [29] to be slightly cyîotoxic are likely capable of 

sufficiently inhibiting the catalytic activity of topoisornerase II in the majority of the ce11 

population [ 161 thus producing an immediate inhibition of cell division. 
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Fig. 2.4. The effeets of different dexrazoxane concentrations and drugging 
protocols on CHO ce11 growth. CHO cells were seeded ont0 35x10 mm plates at initial 
concentrations of 1.3~10'  cellslplate and treated the following day with (a) 5, (b) 20, or 
(c) 100 PM dexrazoxane. Cells were either treated with dexrazoxane daily with media 
replacement (O); every other day (at 0,48 hr) with media replacement at these times (V); 
or at only O hr with media replacement at 48 hr (O) al1 alongside non-treated control cells 
that were allowed to grow without any media replacement (a). At indicated times, the 
total nurnber of cells were detemined fiom duplicate trypsinized plates with the use of a 
Coulter counter (threshold of 7, 140 p m  aperture, diameter cutoff z 7.7 pm) for each 
concentration of dexrazoxane. 
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Fig. 2.5. The effects of different dexrazoxane concentrations and drugging 
protocols on the deprivation of glucose in CHO cell cultures. CHO cells seeded ont0 
3 5x 10 mm plates at concentrations of 1 . 3 ~  10' cells/plate were treated the following day 
with (a) 5, (b) 20, or (c) 100 pM dexrazoxane. Treatment was either daily with media 
replacement (O); every other day (at O, 48 hr) with media replacement at these times (V); 
or at O hr with media replacement at 48 hr (O) al1 dongside untreated control cells (a). 
At indicated times glucose content level in the culture media was determined with the use 
of a glucorneter for each concentration of dexrazoxane. Readings below 1.1 mmolk 
were unmeasurable and consequently assigned an arbitrary value of O mmol/L for 
plotting purposes. Data represented here is not normalized to media replenished starting 
glucose l evels of 6.1 mmolR, so as to maintain a continuous Iinear trend. 



2.43.2 Growth curves of CHO, DZR, and rat heart fibroblast ceus exposed twice 
or drily to dexrazoxane 

An analysis of the growth of CHO, DZR, and neonatal rat heart fibroblast cells in 

the presence of dexrazoxane essentially foms the basis of al1 other investigations 

performed in the remainder of this chapter. in al1 cases, the conditions of dexrazoxane 

treatment involved a dual (0,24 hr) or daily exposure to 100 FM dexrazoxane with daily 

media replacement. It was presumed that a dxug exposure for at least twice the ce11 cycle 

time (Table 2.2) would be sufficient to adequately inhibit topoisornerase II within al1 cells 

of the population. in addition, an administration of 100 p M  dexrazoxane ensured that the 

wihydrolyzed topoisomerase II-inhibitory f o m  would remain in media for an extended 

period of time, given its previously demonstrated half-life of 9.3 hr [30]. The daily 

replacement of media replenished essential nutrients and removed growth inhibitory 

metabolic products so as to allow for continueci survival and/or growth and development. 

CHO cells were grown as either adherent or suspension cultures (Fig. 2.6 and 2.7a). 

The proliferation rate of control cells in suspension was determined to be approximately 

16 hr, slightly slower than that estïmated for cells grown as adherent cultures, 14 hr (Table 

2.2). Although such a marginal discrepancy c m  be attributed to any number of factors 

inherent with growth in a suspension spinner flask the fact remains that normal ce11 growth 

under either condition was exponential in nature. Cells exposed to dexrazoxane, whether 

in suspension or as an attached culture behaved in relatively the same manner. En both 

cases daily exposure to dexrazoxane resulted in a complete immediate inhibition of ceIl 

division complemented by a noticable increase in ce11 size and a gradua1 decrease of ce11 

numbers. Ce11 division was inhibited in either drugging regimen in suspension culture of 



dual (0, 24 hr) or daily dexrazoxane exposure (Fig. 2.7a), accompanied by comparable 

gradua1 decreases in ce11 number. in addition, ce11 viability diminished in a similar manner 

to a level of 82% afier 120 hr of growth upon dual or daily exposure (Fig. 2.7b). These 

results suggest that although CHO ce11 division is efficientiy inhibited upon two exposures 

(0, 24 hr), a daily exposure protocol does not appear to accelerate a decrease in ce11 number 

or viability. 

in an effort to attribute the sustained inhibition of CHO ce11 growth and observable 

enlargement of ce11 sizes to the inhibition of topoisomerase II, the growth of DZR cells in 

the presence of dexrazoxane was examined. Previously it was demonstrated that although 

DZR cells possess one-haif the level of topoisomerase iI protein compared to parental 

CHO cells, their acquired resistance is attributable to an altered target site within the 

topoisomerase II enzyme, caused by a point mutation [22,23]. As shown in Fig. 2.7a when 

DZR cells were grown in suspension in a similar manner to CHO cells and exposed twice 

(0, 24 hr) to dexrazoxane exponential ce11 growth continued, unaltered. The doubling rate 

of dexrazoxane exposed DZR cells was found to be 17 hr (Table 2.2), and compared 

identically to previously reported values of untreated DZR cells [22]. Furtherrnore, after 

72 hr of exposure cells appeared morphologically identical to untreated cells, and viability 

was still nearly 100% (Fig. 2.7b). 

The effects of dexrazoxane on the proliferation of primary heart fibroblast cells is 

displayed in Fig. 2.8a. These cells, previously isolated fiom neonatal rats were chosen for 

investigation due to their mortal limited existence. It has been well established that similar 

nomal, diploid ce11 lines derived fiom a variety of tissue types display limited proliferative 

life spans [31]. Control untreated heart fibroblast cells were shown to attain a level of 



exponential growth (Fig. 2.8a), with an approximate doubling time of 67 hr (Table 2.2). 

Daily exposure of ha r t  fibroblast cells to dexrazoxane resulted in a complete inhibition of 

ce11 division which was not complemented by any noticable decrease in total ceIl number. 

Although ce11 viability did decrease in treated cultures with time (Fig. 2.8b), an identical 

trend was observed in control cultures. This mises the possibility that other factors besides 

dexrazoxane-induced topoisornerase II inhibition may be acting synergistically to cause a 

decrease in ce11 viability to between 80-90% after extended periods of growth. One 

suggestion is that perhaps these cells were not capable of sustaining a healthy state of 

growth outside of their natural environment in vivo. 

Table 2.2. Growtb rates and doubüng times of cells exposed to dexrazoxane for 
various periods of time. 

Duration of dexrazoxane exposure K S.E. C.V. t 

(hi1) ('w (ho 

Unexposed control adherent CHO cells 
Unexposed control suspension CHO cells 

Unexposed control adherent neonatal rat heart 1 1.03E-02 3.518-04 3.4 
fibroblast cells 

68 

4.90E-02 2.55E-03 5.2 14 
4.22E-02 1.5 1 E-03 3.6 16 

Suspension DZR cells exposed at 0,24 hr 
with media replaced at 24,62, 85 hr 

NOTE: Determinations were made using ce11 concentrations which fell below confluence, 
still in exponential growth. 

4.0 1 E-02 1 -9 1 E-03 4.8 17 
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Fig. 2.6. Effects of dexrazoxane o n  the growth of  adherent CHO ceiïs. Following a 
24 hr attachent period after seeding onto 35x 10 mm plates at 1.1 x 1 O* cells/plate cells 
were either exposed to LOO pM dexrazoxane daily with media replacement (a), or lefl 
untreated (A). in addition, at indicated time intervals plates were hawested in duplicate 
and ce11 densities were determined with the use of a Coulter counter (threshold of 7, 140 
pm aperture, diameter cutoff s 7.7 pm). Viability of cells was not assessed in this 
experiment. 
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Fig. 2.7. Effects of dexrazoxane on the growth of suspension CHO and DZR ceïis. 
CHO cells were seeded at 2.25~10' cel ldml and treated with LOO p M  dexrazoxane daily 
with media replacement (O), or at 0, 24 hr with media replacement daily (m). Control 
CHO cells were seeded at 0 . 2 5 ~ 1 0 ~  cells/mL with media replacement at 36, 60 hr (a). 
DZR cells were seeded at O.ZSx 10' cel ldml and treated with 100 pM dexrazoxane at O, 
24 hr with media replacement at 24, 62, 85 hr when glucose levels had decreased by half 
(A). At indicated times (a) ce11 densities were detennined on a Coulter counter (threshold 
of 7, 140 Fm aperture, diarneter cutoff z 7.7 pm) followed by nomalization; and (b) 
viability was assessed using a trypan blue dye exclusion analysis. 
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Fig. 2.8. Effects of dexrazoxane on the growth of attached neonatal rat heart 
fibroblast ceiis. Heari fibroblast cells were seeded ont0 35x10 mm plates at 2 .5~1 0' 
celldplate for control cells (e) and at 7.5~10' celldplate for dexrazoxane exposed cells 
(O). Cells were exposed to 1 O0 p M  dexramxane 49 hr after seeding and at every 24 hr 
interval thereafter with media replacement. In addition, media alone was replaced daily 
in al1 control unexposed plates. At indicated time intervals, plates were harvested in 
duplicate and (a) ce11 densities and then total ce11 number were deterrnined with the use 
of a Coulter counter (threshold of 7, 100 prn aperture, diameter cutoff a 8.7 pm); and (b) 
viability was assessed using a trypan blue dye exclusion analysis. 



2.5 Morphology and morphometry analysis of dexrazoxane-trerted ceiis 

2.5.1 Introduction 

The nrnber of cells and their sizes are the fundamental basic elements which help 

to define the growth of an organism, its organs, and/or a celi population. The 

determination of ce11 number and size assists in the analysis of pathologid changes which 

rnay be occurring within the original cell population. Changes in mean cellular volume 

and diameter of a population may be a consequential result of depressed or enhanced 

growth characteristics after drug or ragent administration. Essentially, ce11 sizïng data can 

play a vital role in many single or multiparameter systems in which different cellular 

features inciuding ce11 volume, DNA content, or even immunological surface features can 

be determined simuitaneously [32]. 

In the following section, the profile-size distributions of various ce11 types 

including CHO, DZR, and hart fibroblast cells were followed by one of two methods after 

exposure to dexrazoxane. In the first method cells were sized electrïcalIy in a flowing 

system through a Coulter counter. As explained in M e r  detail in Appendix A, cells 

suspended in an electrolyte solution were counted at a rate of a few thousand cells per 

second through a range of set threshold volume-class divisions until the entire profile had 

been accounted for. The second method used to generate profile-size distributions was 

based on principles of stereoiogy. The two-dimensional profile area of cells were 

determined fiom photographie images in an attempt to empirically calculate their 

respective individual, and mean profile volume and diameter values. And finally, the 



morphology of dexrazoxane-treated cells was initially examined h m  these photographie 

images as a prelude to further investigation. 

2.5.2 Materials 

Isoton II Coulter balanced electrolyte solution (cat. No. PN 85467 19) was obtained 

from Beckman Coulter Inc. (Bwlington, ON). 

2.5.3 Methods 

2.5.3.1 Drug treatment 

CHO and DZR cells were grown as suspension cultures in double sidearm 

suspension spinner flasks seeded initially at 2.2% 1 O' cells/mL and 0 .25~  1 O* cells/mL 

respectively. Both ce11 types were seeded fiom control suspension cultures, and treated 

with 100 FM dexrazoxane at 0, 24 hr as described explicitly in Section 2.4.2.2.2. Media 

was replaced daily in dexrazoxane-treated CHO ce11 cultures, and at 24, 62, and 85 hr in 

dexrazoxane-treated DZR ce11 cultures. Cells were asepticalty removed, centritùged at 

250 g for 12 min, and resuspended in an appropriate volume of -80% fiesh a-MEMIFCS 

in an attempt to maintain ce11 densities approximately equivalent to that of before 

centrifugation. Ce11 densities were detemiined by counting on a mode1 Zr Coulter counter 

with a 140 pm aperture, threshold setting of 7 (llamp = 2, 1 lap.cment = 2, diarneter cutoff 

z 7.7 pm). 



Neonatal rat heart fibroblast cells in exponential growth were harvested with 

trypsin-EDTA and seeded onto 35x10 mm tissue culture plates, as described in Section 

2.4.2.2.3. Control plates were seeded at 2 . 5 ~ 1 0 ~  celldplate followed by daily replacement 

of media with -80% fkesh DMEMIF-12/FCS. Al1 other plates were seeded at 7 . 5 ~ 1 0 ~  

cellslplate and exposed daily to 1 O 0  FM dexrazoxane with media replacement. At each 

indicated period of growth 2 replicate plates, respective of control and exposed cultures 

were harvested with trypsin-EDTA followed by quenching to volumes of 3 mYplate with 

DMEME-12/FCS. Ce11 densities were determined by counting on a model Zf Coulter 

counter with a 100 Fm aperture, threshold setting of 7 (l/amp = 2, 1lap.current = 8, 

diameter cutoff z 8.7 pm). 

2.5.3.2 Cell sizing and quantitation by use of a Coulter counter 

The first method utlized to follow changes in ce11 size distributions afier 

dexrazoxane exposure was by collecting and analyzing ce11 nwnber data fiom a model Zr 

Coulter counter using a 140 p m  aperture tube, as explained in detail in Appendix A.4. in 

brief, approximately 1x10' cells were rernoved at each specified time interval of 

dexrazoxane exposure and diluted 3 5 0  mL as needed in a 50 mL glass beaker with Isoton 

II balanced electrolyte solution. Each dilution mixture was counted through a span of 

threshold volume-class divisions fkom 0- 100, increasing by 4 divisions with each cuunting 

determination. Counting was performed in replicate (x2) through a series of different 

amperage and aperture current settings, chosen so as to cover the entire ce11 size 

distribution profile. Subsequently, the number of cells falling within set threshold ranges 

was determhed, followed by the normalization of ce11 counts to a single amperage and 



aperture current setthg so as to account for the various volume intervals used (see 

Appendix A.4.2.3). Finally, these ce11 counts were expressed as a fiinction of cell volurne 

and/or diameter in the f o m  of fiquency distribution histograrns. Estimations of mean ce11 

volume (MCV) and mean ceIl diameter (MCD) were made only for those distributions 

which appeared Gaussian-like (see Appendix A.4.2.4). 

For reasons of clarity, ce11 counts of distribution peaks were subseqwntly 

normalized to the undrugged control. In the case of 12 and 24 hr derazoxane-treated CHO 

cells, and dexrazoxane-treated DZR cells the peak height of these profile distributions were 

nomnalized to the equivalent peak height of the control distribution. Profiles of 48- 120 hr 

dexrazoxane-treated CHO cells were norrnalizeù such that ce11 counts becarne half that of 

the comesponding peak volume interval in the control profile. 

2.5.3.3 CeU sizing and morphology analysis from photographie images 

The second method used to obtain profile-size distributions of dexrazoxane-treated 

ce11 populations was accomplished by estimating the two-dimensional profile area of cells 

from photographic images. The following method of sizing analysis was based in part on 

techniques used to quantitate megakaryocyte size and number using the principles of 

stereology, a branch of morphometry [33]. The stereological basis of this method allowed 

for the estimation of three-dimensional structural parameters fiom measurernents made on 

two-dimensional images using cornputer software. It was believed that unlike the Coulter 

counter sizing method, complete Gaussian-like size distributions could be obtained by this 

method of analysis, thus allowing for the estimation of such fundamental parameters as 

mean ce11 volume (MCV) and mean ce11 diameter (MCD). 



AAer indicated perïods of dexrazoxane exposure 1 mL aliquots were asepticaily 

removed directly fiom suspension cultures, or upon trypsinization in the case of adherent 

cultures. Samples were then diluted 1 : 1 with 0.6% ( d v )  trypan blue dye and concomitant 

with the assessrnent of ce11 viability and morphology photographic images were taken 

under a 10X or 40X objective lem using a Nikon camera with Kodak 400 colow film. 

Once developed these pictures were then photocopied and individual cells were coloured in 

with a fine black magic marker. The necessity for filling in ce11 images was due to the 

operational constraints of the cornputer software program SignaScan (Jandel Corp., San 

Rafael, CA, U.S.A.) used to detennine their twodimensional profile area. Structural 

parameters could not be adequately determined over the entire surface area of individual 

two-dimensional cells if the brightnesdcontrast inside the cells were at al1 similar to their 

surroundings. 

Al1 blackened, photocopied ce11 images were then scanneci using a Hewlett Packard 

ScanJet 5p and saved as bitmap images. Using SigrnaScan, a 2-point caiibration of a 

known 50 Pm distance was performed tiom a scanned image of a hemacytometer chamber 

grid, photographed under the same magnification as cells. Next, each bitmap image 

respective for a particular duration of dexrazoxane exposure was opened in turn within 

SigrnaScan. The profile area of between 250-500 cells in units of Pm2 was then 

determined empirically upon their manual selection and placed automatically into a 

worksheet column. Assuming a spherical mode1 for al1 analyzed cells, ce11 profile 

diameter (d) and consequently ce11 profile volume 0 were then calculateci fkom the 

measurernents of profile area (A) using the following equations: 



A = &  
:. r = W l r  

and since d = 2r 
:. d = 2 dA/x 

60 

where r = radius 

V = 4/3 d and once diameter (d) is known, then 
.-. v = 413 (&2)3 

As s h o w  in Table 2.3 for control CHO cells, al1 calculated measwements for each 

individual ce11 were sorted into numerical order. Next, using a volume-class size of 100 

the number of cells possessing volume determinations within each volume class was 

counted, i.e. 0-100, 100-200,200-300 etc. The value of the midpoint of a aven class 

was used as the volume value for that class. Distributions were subsequently plotted as 

histognuns of the number of cells per volume-class size of 100 j.4m3 afler normalkation to 

500 total cells counted. Overall, the number of size classes ranged h m  100-70000 

Mean ce11 volume (MCV) and diameter (MCD) were calculated simply by averaging 

together al1 of the collected profile data before sorting into volume-class divisions (see 

Table 2.3). 





A h  120 hr of dexrazoxane exposure CHO cells were clearly larger in size and 

exhibited various shapes and morphologies (Fig. 2.9b) which differed fiom control cells 

(Fig. 2.9a). Such features were also prevalent in adherent dexrazoxane-treated CHO cells 

(see later, Fig. 2.24). The complexity and granular organization within these cells 

suggested that ce11 swelling might not exclusively account for their enlargement, and thus 

prompted fùrther investigation. A 1500-fold dexnizoxane-resistant CHO derived ce11 line 

known as DZR [22] sened as a negative control for these such effects. No observable 

changes in DZR size or morphology were seen after 96 hr of dexrazoxane exposure (Fig. 

2 . 9 ~  and 2.9d). Neonatal rat heart fibroblast cells were initially variable in shape and size 

within the control population (Fig. 2.9e). This was perhaps due to the heterogenity of the 

population, a direct result of their isolation fkom 24ay  old neonatal rats. Afier 300 hr of 

dexrazoxane exposure some heart fibroblasts cells were found to appear slightly larger in 

size while others remained unchanged (Fig. 2-90. This observation though was not 

specific to dexrazoxane-treated cells. Some control cells grown for the same duration of 

time were also slightly larger in size (data not shown) suggesting that these cells may 

simply be progressively adapting to in vitro culture conditions. Pignolo et al. [3 11 have 

attributed such a development of irregular morphologies and ce11 enlargement of fibroblast 

cells derived fiom normal rat tissue to be the result of an in vitro senescence or a functional 

decline. 

In order to fblly chanicterize any increase in size, particularly with respect to CHO 

cells, quantitation of ce11 sizes was carried out by one of two methods. Frequency size 

distribution histograms were generated either nom collected electronic sizing data using a 



Coulter conter or fiom rnorphometrïc analysis of two-dimensional photographic images. 

Analysis of CHO cells exposed to dexrazoxane at 0, 24 hr revealed by both procedures a 

progressive increase in maximum peak volumes as the distributions broadened (Fig. 2.10). 

After 48 hr of exposure, distribution profiles by Coulter counter anal ysis were no longer 

Gaussian-like and began to exhibit a decay-like pattern at low diameter values (Fig. 2.10a). 

As a result, mean ce11 volume and diameter quantitations could not be accurately resolved 

fiom such distributions. This is a common drawback of Coulter counter sizing analysis. 

As noted here and by others [34], Window Counts c m  becorne moneous and 

exponentially increase logarithmically as ce11 size decreases, particularly within the range 

of 0-900 pn3. 

The largest remrded CHO ce11 size using a Coulter counter was 45000 (a 44 

p m  diameter) afier 120 hr of dexrazoxane exposure. This comaponded to a 3 1 -foId 

increase in volume compared to the MCV of control CHO cells. In contrast, sizing 

analysis from photographic revealed the appearance of cells that were 73600 ~ r n '  in 

volume (or 52 p m  in diameter) images after an identical length of dexrazoxane exposure. 

This correspondeci to a 42-fold increase in volume compared to the MCV of control CHO 

cells. Sizing analysis of CHO cells by this second method produced profile distributions 

which greatly broadened over 120 hr (Fig. 2. lob), concomitant with a Pfold increase in 

MCV (Table 2.4). Unlike dunng Coulter counter analysis, these profile distributions were 

Gaussian-like in nature and consequently accurate values of MCV and MCD were 

determined (Table 2.4). When plotted, a highly significant linear relationship (p < 0.00 1 ) 

was identifiai between the duration of dexrazoxane exposure and the increase in mean 

CHO ce11 volume (Fig. 2.13a). 



In agreement with an unaltered ce11 morphologies, the size distribution profiles of 

dexrazoxane-treated DZR cells remained nonnal-like and unchanged fiom that of control 

distributions (Fig. 2.1 1). The mean ce11 volume of control DZR cells was found to be 1520 

by imaging sizing analysis and 1392 pm3 by Coulter counter analysis (Table 2.4). By 

cornparison, the comesponding mean ce11 diameter values were 14.1 p m  and 13.9 pm, 

respectively. Although MCV values fluctuated slightly, no significant relationship was 

identified between MCV and the duration of dexrazoxane exponire (Fig. 2.13b) 

The size distribution profile of heart fibroblast cells remained relatively unchanged 

between 48 hr and 300 hr of dexrazoxane exposure (Fig. 2.12). As compared to control 

heart fi broblast cells the size distribution profile of dexrazoxane-treated ce11 s appeared to 

shifi only slightly to higher values with some initial unpronounced broadening. The 

largest recorded heart fibroblast ce11 size after 300 hr of dexrazoxane exposure was 22400 

pn3 (a 35 pm diameter), which corresponded to a 20-fold increase in volume compared to 

the MCV of control cells. Although a few larger cells were identified, overall the MCV 

increased by only I .8-fold afier 300 hr of exposure (Table 2.4). In addition, when MCV 

was plotted versus duration of dexrazoxane exposure the apparent increasing trend was 

deemed non-signifiant by statisticai linear regrasion analysis (Fig. 2.13~). 



Fig. 2.9. Bright-field photomicrographs of dexrazoxane-beated cells in suspension 
stained with trypan blue dye. Cells were photographed afier staining with 0.6% (wh) 
trypan blue under a 40X (CHO and DZR), or a 10X objective lens (heart fibroblasts). 
CHO and DZR cells were grown as suspension cultures, treated with 100 p M  dexrazoxane 
at 0, 24 hr with daily media replacement. Heart fibroblast cells were grown as attached 
cultures treated with 1 0 0  p M  dexrazoxane daily with media replacement. (A) Control 
CHO cells. (B) CHO cells after 120 hr of dexrazoxane exposure were significantly larger 
in size, exhibiting differing morphologies. (C) Control DZR -11s. (D) DZR cells exposed 
to dexrazoxane for 96 hr exhibited no observable changes in ce11 size or shape. (E) Control 
heart fibroblast cells were initially variable in size and shape. (F) After 300 hr of 
dexrazoxane exposure these features became only slightly more accentuated. Bar scale 
(50 pm) in left panels is the same for each pair of photographs. 



Fig. 2.10. Size distribution histograms of dexrazoune-treated CHO celis. CHO 
cells were grown as a suspension culture at 2.25~10' celldml and exposed to 100 FM 
dexrazoxane at 0, 24 hr with daily media replacement. (a) Electronic Coulter counter 
sizing using a 140 pm aperture tube. For clarity peak ce11 counts were nonnalized to the 
undrugged control. (b) Morphometry analysis of 2-D ce11 images. Counted cells were 
distributed into classes of volume (100 in size) followed by nonnalization to 500 
cells total. Distributions are expressed relative to volume measurements on a logarithmic 
scale (bottom x - d )  with approxhate correspondhg diameter values on a non-linear 
scale (top x-mis). The data obtained at 72, and 96 hr were not plotted for clarity. 



Fig. 2.1 1. Size distribution histograms of dexrazoxane-treated DZR cells. DZR cells 
were grown as a suspension culture seeded at O.ZSx 1 0' celldml and exposed to 1 00 p M  
dexrazoxane at 0, 24 hr with daily media replacement. (a) Electronic Coulter counter 
sizing using a 140 p m  aperture tube. For clarity peak ce11 counts were normalized to the 
undrugged control. (b) Morphometry analysis of 2-D ceil images. Counted cells were 
distributed into classes of volume (100 p3 in size) followed by normalization to 500 
cells total. Distributions are expressed relative to volume measurements on a logarithmic 
scale (bottorn x-aris) with approximate corresponding diameter values on a non-linear 
scale (top x-uxis). The data obtained at 12, and 24 hr were not plotted for clarity- 
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Fig. 2.12. Size distribution histogram of deuazoxane-treated heart fibroblast ceiis. 
Isolated neonatal rat heart fibroblast cells were grown in DMEWF-12/FCS on 35x10 
mm tissue culture plates, seeded at 7 . 5 ~ 1 0 ~  celldplate. Cells were exposed to 100 FM 
dexrazoxane daily, with media replacement. Frequency size distributions were generated 
by morphometry analysis of 2-D ce11 images upon haxvesting. Counted cells were 
distributed into classes of volume (100 in size) followed by normalization to 500 
ceIls total. Distributions are expressed relative to volume measurements on a logarithmic 
scale (bottom x - a i s )  with approximate corresponding diameter values on a non-linear 
scale (top x-mis). The data obtained at 24, 72, 96, 120, 196, 250 hr were not plotted for 
cl arity. 
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Table 2.4. Mean ce1 volume (MCV) and diameter (MCD) of dearazoxrrne-treated 
ceiis, as estimated by separate quantitation procedures. 

Cell 
Line 

CHO 

DZR 

Heart 
Fi broblasts 

Length of 
exposure 

(hr) 

2-D momhomotrv analmis 
usina Siams Scan 

MCV S.E. MCD S.E. Factor of 
(rim3) (W) MCV 

increase 

Coulter counter 
analvsis 

MCV MCD 
( w 3 )  (pm) 
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Fig. 2.13. Linear regression analysis of mean ceii volume and the duration O 

dexrazoxane exposure in various ceIl types. Mean ce11 volumes determined fkom 
morphometry 2-D image analysis of dexramxane-treated (a) CHO, (b) DZR, and ( c )  
heart fibroblast cells were plotted vs. the duration of dexrazoxane exposure. As 
dernonstrateci by statisticai Linear regression analysis a highly significant relationship 
(p<O.OOl) was identified in CHO cells only. 



2.6 Effwt of dexrazoxane on mean protein and DNA content 

2.6.1 Introduction 

One of the first observations made of CHO cells exposed to dexrazoxane for 

extended periods of time was an obvious increase in ce11 size (Section 2.5.3). Initially, 

before more extensive studies were conducted it was important to determine quantitatively 

whether ce11 enlargement was acçompanied by an increase of various cellular constituents. 

To that effect the mean content level of protein and DNA in dexrazoxane-treated CHO 

ceIIs was measured over an extended period of time. As explaineù in the following 

section, both protein and DNA were measured from the same samples using a modified 

Bradford assay [35] and a fluorometric assay [36], respectively. In addition, the mean 

protein and DNA content of dexrazoxane-treated DZR cells was conducted as a control. 

Finally, the existence of a correlation between protein/DNA content in dexrazoxane-treated 

CHO cells and the change in mean ce11 volume was examined. 

2.6.2 Materials 

Lauryl sulfate (SDS, cat. No. L-4390), bovine semm albumin (BSA, cat. No. A- 

3350), bisBemimide (Hoechst 33258, M, = 533.9 g/mol, cat. No. B-2883), and Coomassie 

brilliant blue G-250 (cat. No. B-0770) were obtained h m  Sigma Chemicai Co. (St. Louis, 

MO, U.S.A.). Calf thymus DNA (cat. No. 261 8) was obtained fkom Calbiochern Corp. (La 

JoHa, CA, U.S.A.). Dulbecco's Phosphate buffered saline (PBS, cat. No. D-5652) was 

obtained fiom Gibco-BRL, Life Technologies Inc. (Burlington, ON). Sodium chlonde 

(NaCl, cat. No. AC-8304) was obtained fiom Anachernia Ltd. (Toronto, ON). Sodium 



citrate (cat. No. C-614), O-phosphoric acid 85% (cat. No. A242P-500), fluorometric 

disposable cuvettes (cat. No. 14386-20) were obtained fiom Fisher Scientific (Fairlawn, 

NJ, U.S.A.). Ethyl alcohol anhydrous (ethanol, 100%, cat. No. UN 1170) was obtained 

fkom Commercial Alcohols h c .  (Toronto, ON). 

2.6.3 Methods 

2.6.3.1 Preparation of reagents 

I % (wh) SDS: Prepared by dissolving O. 1 g of lauryl sulfate (SDS) in 10 ml ddH20. 

0.15 m M  bisBenrimide (Hoechst 33258) dye: Prepared by wmpletely dissolvuig Hoechst 

33258 (MW = 533.9 @mol) in ddH20, stored at 4OC in a foi1 wrapped amber bottle. 

SSC solution: This solution contained 0.015 M sodium citrate (MW = 294.10 glmol), 

0.154 M NaCl (MW = 58.44 g/mol), adjusted to pH 7.0 and stored at room temperature. 

Standard c a r  thymus DNA stock solution (1 pg/CLL): This solution was prepared by 

dissolving calf thymus DNA into SSC solution using high intensity sonication. 

Standard cavthymus DNA working solution: This solution contained 0.05 pg/pL of calf 

thymus DNA made by diluting calf thymus DNA stock solution (1 p&/pL) 1:20 in SSC 

solution. 

I M NaCI stock solution: Prepared by dissolving sodium chloride in ddHzO. 

Srandard BSA protein stock solution (200 pg/mL): Prepared by dissolving bovine senim 

albumin (BSA) in 0.15 M NaCl. 



Coomassie brillianr blue solurion (0.01% wh): A 500 mL solution was prepared by 

completely dissolving 0.05 mg Coomassie briuiant blue G-250 in 25 mL of 95% ethanol. 

This was followed by the addition of 50 mL of O-phosphonc acid 85%, 425 mL ddHzO, 

and filtering through Whatman No. 1 filter paper, stored at 4OC in an amber bottle. 

2.6.3.2 Dmg treatment 

CHO and DZR cells were grown as suspension cultures in double sidearm 

suspension spinner flasks. Protein and DNA content levels were quantifiecl fiom the same 

ce11 cultures in which growth curves were analyzed concurrently (Section 2.4.2.2.2). Both 

ce11 types were seeded fiom control suspension cultures, and treated with 100 p M  

dexrazoxane at 0,24 hr with daily replacement of media, as explained explicitly in Section 

2.4.2.2.2. Media was replaced in the çontrol CHO cultures at 36, 60 hr and in the 

dexrazoxane treated DZR culture at 24, 62, and 85 hr of growth. Media replacement 

involved resuspension in -80% fresh media which allowed for maintenance of relatively 

unaltered ce11 densities. Ce11 densities were determined by counting on a mode1 Zf Coulter 

counter with a threshold setting of 7 (140 p m  aperture, l/amp = 2, 1lap.current = 2, 

diameter cutoff s 7.7 pm). 

2.6.3.3 Preparation of ceii samples 

AAer each 24 hr period of growth l x  1 o6 cells were aseptically removed in replicate 

(x4), placed into 1 5 mL conical sterile centrifuge tubes, brought to 1 0 rnL with PB S , and 

centrifugeci 18 min at 150 g. Next, the supernatants were carefully removed to 



approximately the 50 pL mark using a beveled Pasteur pipet. The ce11 pellet was then 

dispersed, but not resuspended by the addition of 10 mL PBS, followed by another 

centrifbgation at 150 g for 18 min. Afterwards, the ce11 pellet was reuspended gently in 

1 mL PBS approximately 10 times to ensure monodispersion of cells. Using an electronic 

repeat pipettor a volume of 600 pL was removed, placed into a microcentrifuge tube, 

cenîrifùged at 150 g for 10 min, and followed with the careful removal of 550 pl of the 

supernatant. Ce11 pellets were le!? in the rernâining 50 pL of PBS and stored at 4 O C  until 

assayed. The actual number of cells in this 600 pL volume, and consequently in the ce11 

pellet was calculated empirically tiom a separately removed sample of 300 pL using a 

mode1 Coulter counter (see Appendix A.2.3). 

2.6.3.4 Lyzing of cell pellets 

Prepared ce11 sarnples in 50 pL PBS were thawed bnefly in a 37°C incubator. To 

each sample was added 20 pL of 1% (w/v) SDS, followed by a gentle resuspension -5-10 

times so as to disperse the ce11 pellet without creating many soap bubbles. Samples were 

then placed back in the 37OC incubator for 45 min with periodic inversion. Afierwards 

sarnple volumes were brought to 500 pL with PSS. 



2.6.3.5 Fiuorometric determination of DNA content 

2.6.3.5.1 Measuring DNA content fiom prepared samp les 

For each determination of DNA content 75 pL of ce11 lysate was placed into a 

polystyrene fluoromeûic cuvette followed by the addition of SSC solution to a total 

volume of 2990 PL. To avoid assay interference the final SDS concentration in 3000 pL 

was kept below 0.0 1 % (w/v). 

i.e. 1% SDS x 20 pL x 75 ML lvsate assaved = 0.001% SDS 
500 pL total lysate vol. 3000 pL total assay vol. 

Ce11 lysate volumes around 75 PL were used to obtain reasonable fluorescence 

measurements in al1 samples analyzed. As explained in Section 2.6.3.5.2, when a range of 

lysate volumes were analyzed adjustments in samples and/or standard curves were made 

for the maintenance of an equivalent final SDS concentration. Sarnple cuvettes were 

mixed in turn several times using a plastic plunger. This was followed by the 

detemination of a blank fluorescence on a Shimadzu RFSOOOU spectrophoto-fluororneter 

(Shimadzu Scientific Instruments Inc., Columbia, MD, U.S.A.) tuned to excitation and 

ernission wavelengths of 360 nrn and 450 nm, respectively. Next, 10 PL of 0.15 mM 

Hoechst 33258 dye was added to each sample bringing the total volume to 3000 PL. 

This was followed by mixing in the sarne manner as before, and then detennining the 

'sample fluorescence' after 10 min in an enclosed space protected from light. The 

corrected 'sample fluorescence' was calculated by the subtraction of the blank 

fluorescence fiom the 'sample fluorescence'. 



2.6.3.5.2 Consîmcting a DNA standard cuwe 

DNA standards were prepared fiom a calf thymus DNA working solution of 0.05 

pg/pL calf thymus DNA in SSC solution. SDS concentration was adjusteci to an 

equivalent concentration as in the measured ce11 lysate samples as ou thed  in Table 2.5 by 

the addition of a small volume of dilute SDS. 

Le. 13 pL x 0.23 1% SDS = 0.001% (wh) SDS 
3000 pL 

Each DNA standard was prepared to a volume of 2990 pL followed by a blank 

fluorescence detexmination, and then an 'actual fluorescence' determination upon the 

addition of 10 PL of 0.15 mM Hoechst 33258 in the same manner as before. Corrected 

'actual fluorescence' was calculated by subtraction of these two values as shown in Table 

2.5, and then plotted vs. the amount of standard DNA in units of micrograms (Fig. 2.14). 

First order linear regression analysis of graphically dispiayed data was accomplished using 

SigmaPlot (Jandel Corp., San Rafael, CA, U.S.A.) so as to detemine the values of the 

slope (rn), and the y-axis intercept point (b). 



Table 2.5. Preparrtion and measurement of calf thymus DNA standards. 

Fig. 2.14. DNA standard cuwe of calf thymus DNA concentration vs. relative 
fliorescence after reactioa with Hoescht 33258. 
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2.6.3.5.3 Calculathtg mean DNA content in sumpks using the standard curve 

Using the data obtained fkom 75 pL of ce11 lysate sample replicate #l of O hr 

control CHO cells as an example, the arnount of DNA per million cells was calculated, and 

outlined inTable 2.6 as follows: 

Since, y = mx + b where x is the arnount of DNA in the 75 pL ce11 lysate, 
y is the corrected fluorescence value of this replicate, 

and f?om Fig. 2.14: m = 39.039 and b = 6.072 

. . x = y - b  = 62.4-6.072 = 1.44pgofDNA 
m 39.039 

Then, the arnount of DNA in the total ce11 lysate volume was deterrnined by: 

1.44pg x total ce11 lvsate vol = 1.44 pg x 500 JAL 
vol. of ce11 lysate assayed 75 pL 

Finally, the amount of DNA per million cells was determined by dividing this value 

by the number of cells in the sarnple pnor to lyzing, and then multiplying by a factor of 

1x10~. The number of cells lyzed was approximately equivalent to the number of cells in 

the 600 pL volume prior to centrifugation and the removal of supernatant, which left a 

50 pL ce11 pellet that was subsequently lyzed and brought to 500 pL with PBS (Section 

2.6.3.3). 

Overall then, 

Amount of DNA = y - b x total ce11 lysate vol. x 1x10~ 
in replicate #l rn vol. of ce11 lysate assayed #cells lyzed 

= 62.4 - 6.072 x 500 uL x 1x10~ 
39.039 75 pL 8.07~ 1 0' cells 

= 1 1.9 pg DNA/ 1 o6 cells 



Total DNA content was determined as follows, using control O hr CHO cells as an example 

by multiplying the mean DNA content per million cells by the ce11 density value at that 

time intmal (Table 2.6). 

Le. Total DNA content = mean DNA content of al1 4 replicates x cell density at O hr 
after O hr exposure 

= 12.5 &106 cells x 2 . 5 8 ~ 1 0 ~  cells/mL 
= 12.5 ua x 2.58x104 cells 

1x10~ celis 1 mL 
= 0.3 pg/mL 

Table 2.6. Determination of mean and total DNA content. 

Rep. Blank fluor. Corr. DNA Amt of #ceils/ DNA Mean S.E. Total # Total S.E. 
No. Fluor. fluor. from lysate 600 pL content DNA celldml DNA 

Std. used (@106 amlent in flask content 
QJfve (4) dis) (@106 (Ci4/W 

cells) 

2.6.3.6 Quantitation of proteh content using a modified Bradford assay 

2.6.3.6.1 Preparation of samples for protein content assessrnent 

Ce11 lysate sarnples were prepared for protein analysis as outlined in the following 

section so as to obtain measurable protein concentrations between 2-8 pg/mL, the linear 

range of the BSA protein standard curve. To that extent various quantities of each cell 

lysate sarnple were on occassion assayed at once using the sarne standard curve in order to 

obtain protein concentration values within this valid range. Consequently, al1 analyzed 



obtain protein concentration values within this valid range. Consequentl y, al1 anal yzed 

samples and BSA standards were adjusted to equivalent final SDS and NaCl 

concentrations of 0.001% (wlv) and 0.105 M, respectively. To avoid assay interference 

final concentrations of SDS and NaCl were kept below these levels. Protein assay 

samples containing 5-25 pL of ce11 lysates were prepared in microcentrifuge tubes to 200 

pL as outlined in Table 2.7 by the addition of various arnounts of 0.1 % SDS and 0.15, 

0.375, and 1 M NaCI. This was followed by the addition of 800 pL of 0.01% (w/v) 

Coomassie brilliant blue dye to a volume of 1000 PL. 

SDS was adjusted to a h a i  concentration of 0.001% (w/v in 1000 pL total volume) 

as follows, using 1000 pL prepared samples containing 15 pL of ce11 lysate as an example: 

i.e. Prior to adjustment the final SDS concentration was: 

l%SDS x 20 pL x 1 5 pL l ~ s a t e  assayed = 0.0006% SDS 
500 pL total lysate vol. 1000 pL total assay vol. 

This was followed by the addition of O. 1 % SDS such that, 

O.l%SDS x 4 uL = 0.0004% SDS 
1000 pL total assay vol. 

overall the final SDS concentration was: 0.001% SDS 

NaCl concentration was adjusted to a final concentration of O. 105 M in prepared 

samples of a total volume 1000 pL containing 15 pL of ceil lysate so as to maintain 

equivalence with BS A standards (Section 2.6.3.6.2). 

O M NaCl x 1 5 UL lysate assaved = O M NaCl 
1 000 pL total assay vol. 

O.15MNaCl x 85 uL = 0.0 1275 M NaCl 
1000 pL total assay vol. 



1 MNaCl x 90 UL - 0.09 M NaCl 
1 OOO pL total assay vol. 

o v d l  the final NaCl concentration was: 0.105 M NaCl 

Table 2.7. Outline of sample preparation used prior to protein content quantitation. 

2.6.3.6.2 Preparation of BSA protein standards 

Volume Amnt of Amnt of Amnt of Amnt of Amnt of 
of cell 0.15 M 0.375 M 0.1% SDS 1 M Coomassie 
l ysate NaCl NaCl (PL) NaCl  DY^ 
(PL) (PU (4) (PL) (PL) 

BSA protein standards ranging fkom 0- 16 pg/mL were prepared to a volume of 

Final SOS Final 
conc. NaCl 
(%) conc. 

(Ml 

1000 PL with the addition of 800 PL o f  Coomassie dye, as shown in Table 2.8. Final 

concentrations of SDS and NaCl quivalent to the prepared ce11 lysate sarnples were 

maintained in the same marner as before. 

SDS was adjusted by the addition of O. 1% (w/v) SDS. 

O.l%SDS x 10 HL = 0.001% SDS 
1000 pL total assay vol. 

overall the final SDS concentration was: 0.00 1 % SDS 



As well, using standard #2 as an example (Table 2.8) NaCl concentration was 

adjusted to 0.105 M. This included the 0.15 M NaCl in which BSA was dissolved in to 

make the standard BSA protein stock solution (200 pg/mL). 

0.15MNaCl x 5 uL BSA = 0.00075 M hraCl 
1 000 pL total assay vol. 

0.15MNaCl x 95 DL = 0.0 1425 M NaCl 
1000 pL total assay vol. 

1 MNaCl x 90 uL - 0.09 M NaCl - 

1000 pL total assay vol. 

overall the final NaCl concentration was: O. 105 M ~ a ~ l  

Finally, a blank sarnple was prepared containhg 0.001 % SDS, 0.105 M NaCl and 

800 pL of ddH2O in instead of Coomassie dye. The mean abosrbance value of the blank 

measurements was subsequently subtracted fiom the absorbante values of al1 quantifiai 

sarnples. 

Table 2.8. Preparation of BSA protein standards prior to quantitative assessment. 



2.6.3.6.3 Spectrophotomehic detemination ofprotein content on a rnicroplate reader 

Prepared ce11 lysate sarnples were briefly vortexed followed by Ioading in replicate 

(3-4x) into specified wells of a 96-well microtitre plate. Using an electronic repeat pipettor 

200 pUwel1 was loaded fiom prepared 1000 pL samples. Absorbances at 589 nm were 

then immediately measured and recorded using a Therrnomax 96-well plate reader 

(Molecular Devices, Menlo Park, CA, U.S.A.), and a standard curve, fit to a quadratic 

equation was autornatically constructed (Fig. 2.15). 

Fig. 2.15. BSA protein concentration vs. absorbance at 589 nm after reaction 4 t h  
Coomassie brilliant blue dye. 
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2.6.3.6.4 Calculuting corrected absolute protein content fiom rnicroplate reader data 

7 = 0.998 

I l I l I I  I I I  

The amount of protein in the original ce11 l ysate sample was detennined as follows, 

based on the raw data output fkom the Thexmomax 96-well plate reader (Table 2.9). The 

final protein concentration was detemllned using the &ta collected fiom one set of 



replicate determinations fiom a single assayed ce11 lysate volume. Only those samples 

which yielded a mean protein concentration value within the linear range of 2-8 pg/mL on 

the BSA standard curve (Fig. 2.15) were used. With the data obtained fiom replicate #1 of 

O hr control unexposed CHO cells as an example, the amount of protein per million cells 

was cdculated as follows. 

First, the mean protein concentration of 4 separate 200 pUwell determinations 

fiom ceII lysate sample #1 was deteRnined to be 4.095 pg/mL fiom the BSA protein 

standard c w e  (Table 2.9). Although this value of 4.095 pg is not representative of the 

arnount of protein in the measured 200 pL aliquot it is representative of the amount of 

protein in the original I mL prepared volume prior to dispensing. For simplicity protein 

concentration on the x-axis of the BSA protein standard curve was expressed in units of 

pg/mL rather than pg in the 200 PL aliquot. The units of the x-axis (Fig. 2.15) can be 

made representative in tems of the measured 200 pL aliquot by dividing by 5. 

i.e. The amount of protein in = 4.095 pg/mL x 200 pL 
200 pL aliquot 

= 4.095 ug x 200 pL 
Io00 PL 

However, this calculation would be followed by a multiplication by 5 in 

determining the abolute arnount of protein that contained within the original 1 mL sample 

volume pnor to dispensing. 

Le. Amount of protein in the = 0.8 19 pg x 1000 uL 
1 mL prepared sample 200 pL 



Therefore, to avoid these extra calculation for every sample the units on the x-axis 

of the BSA protein standard were expressed in terms of pg/mL or pg. Next, the 

corresponding amount of protein in the total ce11 lysate volume was determined as follows. 

i.e. Amount of protein in = Amount of protein in x total ce11 lvsate vol 
original ce11 lysate prepared 1 mL sample vol. of ce11 lysate assayed 

fiom standard cuve 
= 4.095 pg x 500uL 

1s pL 
= 136.50 pg 

The amount of protein per million cells was determined by dividing this value by 

the nurnber of cells in the sample prior to lyzing, and multiplying by a factor of 1x1 06. 

The number of cells lyzed was approximately equivalent to the nwnber of cells in the 600 

pL volume pnor to centrifugation and the removal of supernatant, which lefi a 50 pL ce11 

pellet that was subsequently lyzed and brought to 500 pL with PBS (Section 2.6.3.3). 

Overall then, 

Amount of protein = Amount of protein x total ce11 lvsate vol. x 1x10~ 
in replicate #1 in prepared 1 mL vol. of ce11 lysate assayed #cells lyzed 

sample fiom 
standard curve 

= 4.095 pg x 500 uL x 1 x 1 0 ~  
15 pL 8.07~10~ cells 

= 169.2 pg proteid 1 o6 cells 

Total protein content in the culture at each assayed time interval was determined by 

multiplying the mean protein content per million cells by the ce11 density at that time 

interval (Table 2.9). 



Le. Total protein content = mean protein content 
after O hr exposure from al1 4 replicates 

= 176.4 p@l o6 cells x 2., 

ce11 density at O hr 

5 8 ~  1 o4 cells/mL 
= 176.4 urr x 2.58x104 cells 

1 x 1 o6 ~ e i i ~  1 m~ 
= 4.5 pg/mL 

Table 2.9. Determination of mean and total protein content. 

Rep. Protein Amnt of #tells/ Protein Mean S.E. Total # Total S.E. 
No. from lysate 600 ml content Rotein cells/ml Protein 

Std. used (mg11 o6 content in flask content 
Curve (ml) cells) (mg1106 ( W m i )  
(mg) d l s )  

2.6.4 Results 

As shown in the following results, concomitant with an inhibition of CHO ce11 

prolferation and an increase in mean ce11 volume, the mean content levels of both protein 

(Fig. 2.16a) and DNA (Fig. 2.16b) increased upon exposure to dexrazoxane. Over a 120 hr 

period the mean protein and DNA content of dexrazoxane-treated cells increased in a 

linear fashion by 5.4-fold and 3.8-fold, respectively as compared to control O hr levels. 

The mean protein and DNA content per million cells at each time interval (N = 4) of 

exposwe was significantly different (p < 0.001) 6om the mean content level of control 

unexposed ce11 samples (N = 16) when analyzed individually using an unpaired Student's 

t-test. DZR cells exposed to dexrazoxane under the same conditions did not significantly 

increase in mean protein or DNA content levels over 96 hr of growth as compared to the 



mean content level of control O hr DZR samples (N = 4), using the sarne method of 

statistical analysis (Fig. 2.16). 

A closer examination of the mean protein and DNA content levels of dexrazoxane- 

treated cells was obtained by plothg this data as a ratio of mean protein/DNA content vs. 

duration of exposure (Fig. 2.1 6c). The slight increasing trend of this ratio in dexrazoxane- 

treated CHO cells as wmpared to control and DZR cells indicated that protein production 

was either increasing relative to DNA production, or DNA production was sIowing down 

as protein production continue- on at the same rate. This suggestion was furcher 

confirmed by an analysis of the total protein (Fig. 2.17a) and total DNA (Fig. 2. l m )  

content per milliliter of culture. Both protein and DNA production in dexrazoxane-treated 

cells appeared to increase steadily over the first 72 hr, with only DNA production 

plateauing off afier this time period. 

Mean protein and DNA content levels from dexrazoxane-treated CHO cells were 

additionally compared separately to previously detemined mean ce11 volumes at each 

respective time interval (Fig. 2.18). Using statistical linear regression analysis a highly 

significant dependency relationship was demonstrated in both cases @ < 0.001). This 

result cfearly associates the larger ce11 volumes of dexrazoxane-treated CHO cells with 

accentuated protein and DNA levels in a time and/or ce11 cycle dependent manner, 

although the lack of intersection at the point of origin (0,O) does raise a key point of 

interest. This trend may be attributable simply due to a lack of a sufficient nurnber of data 

points to accurately demonstrate the actual relationship. Although this seems reasonable, it 

may be impossible to completely dernonstrate due to quantifiable limitations of protein and 

DNA analysis, as well as the absence of any mean ce11 volume values below 2000 
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Fig. 2.16. Mean protein and DNA content levels in suspension CHO and DZR cells 
exposed to dexrazoxane. CHO cells seeded at 2 . 2 5 ~  10' cells/mL were exposed to 1 O0 
pM dexrazoxane at 0 ,24 hr with daily media replacement (O). DZR cells were treated at 
0, 24 hr with media replacement at 24, 62, and 85 hr (A). Control CHO cells (a) and 
DZR cells were seeded at 0 . 2 5 ~ 1 0 ~  celldml. Ce11 densities were determined on a 
CouIter counter (140 pm aperture, diameter cutoff s 7.7 pm). Protein (a) and DNA (b) 
content levels per million cells were determined by a modified Bradford assay and a 
Hoechst dye fluorometric analysis, respectively. ProteinDNA ratio values were 
determined for each analyzed time interval (c). Data points represent the mean of 4 
replicate sarnples f S.E. Asterisks (*) indicate a statistically significant difference (p < 
0.00 1, unpaired Student ' s t-test) fiom the mean of control unexposed CHO ce11 values. 



Fig. 2.17. Total cell protein and cell DNA content levels in dexrazoxane-exposed 
CHO and DZR suspension ce11 cultures. The overall amount of protein and DNA per 
milliliter of ce11 culture was determined by multiplying individual mean protein and DN 
content levels by the ce11 density at their respective time intervals, taken directly fiom 
Fig. 2.7. Control CHO cells (0) were grown alongside cells exposed to 100 FM 
dexrazoxane at 0, 24 hr with media replaced daily (O). DZR cells were treated in the 
same fashion with media replacement at 24, 62, and 85 hr (A). Ce11 densities were 
detennined with the use of a Coulter conter (140 p m  aperture, diarneter cutoff z 7.7 
pm) as displayed in Fig. 2.7. Mean protein and DNA content levels were determined as 
shown in Fig. 2.16. Data points represents the mean of 4 replicate samples f S.E. 
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Fig. 2.18. Dependency relationship between mean protein or DNA content and 
mean CHO cell volume upon expoaure to dexrazoxane. Mean protein (a) and DNA 
(b) content from dexrazoxane-treated CHO cells were plotted vs. previous 
stereometrically detemined (Section 2.5.4) mean ce11 volumes at each respective 
analyzed time interval. Dependency relationships were identifed in either case, and 
show to be highly significant @<0.001) by statisticd linear regression analysis. 



2.7 Cell cycle analysis of dexrazoxane-treated cells by flow cytometry 

In the following section flow cytometry was used to characterize the effect that 

dexrazoxane has on the ceIl cycling of CHO, DZR, and heart fibroblast ce11 lines. The ce11 

cycle perturbation effects of dexrazoxane were examined not only afier an extended period 

of exposure but also on a logarithmic scale of DNA fluorescence, which together illustrate 

some of the shortcomings of similar studies [18,19,37]. Specifically, the DNA ploidy 

content of individual cells was quantitated alter the stoichiometric binding of a fluorophore 

(propidium idide)  to double stranded DNA, and the delivery of these cells in a flow 

systern past an excitation bearn. in addition, other parameters including forward (FALS) 

and right (90°LS) angle light scattering were measured. The intensity of light scattered in 

the forward direction generally correlates with ceIl size, and the light intensity scattered at 

right angles to the excitation laser beam correlates with granularity and the ability of 

intracellular structures to reflect light 1381. Finally, the above parameters were correlated 

using sophisticated data processing software so as to identiw the existence of ce11 

subpopulations which may be otherwise indistinguishable by other methods of analysis. 

2.7.2 Materials 

RNase A (stored at -20°C, cat. No. R-5503) and propidium iodide (cat. No. P- 

41701, were obtained fkom Sigma Chernical Co. (St. Louis, MO, U.S.A.). Triton X-100 

(cat. No. X198-5) was obtained fiom J.T. Baker Chernical Co. (Phillipsbwg, NJ, U.S.A.). 

Dulbecco's Phosphate buffered saline (PBS, cat. No. D-5652) was obtained from Gibco- 



BRL, Life Technologies hc .  (Burlington, ON). Ethyl alcohol anhydrous (ethanol, 100%, 

cat. No. UN 1 170) was obtained h m  Commercial Alcohols hc. (Toronto, ON). 

2.73 Methods 

2.7.3.1 Drug treatment 

CHO cells were grown as suspension cultures in double sidearm suspension spinner 

flasks, seeded initially at 2 . 0 ~ 1 0 ~  cells/mL and treated with 100 p M  dexrazoxane at 0, 24 

hr, or daily. DZR cells were grown as adherent cultures in T-75 flasks, seeded at 0.20~1 O' 

cells/flask and treated with 100 p M  dexrazoxane daily. Media was replaced daily in al1 

CHO and DZR dexrazoxane-treated ce11 cultures. in suspension cultures this was achieved 

by the aspetic removal of cells followed by centrifiigation at 250 g for 12 min, and 

resuspension in an appropriate volume of -80% tiesh a-MEMFCS in an attempt to 

maintain ce11 densities approximately quivalent to that of before centrifiigation. At 

indicated times of dexrazoxane exposure cells were either removed directly fiom culture or 

harvested with trypsin-EDTA followed by sample preparation for flow cytometry analysis. 

Ce11 densities were determined by counting on a mode1 Zf Coulter counter with a 100 p m  

aperture, threshold setting of 7 (1 /amp = 2, l/ap.current = 8, diameter cutoff z 8.7 pm). 

Neonatal rat heart fibroblast cells in exponential growth were harvested with 

trypsin-EDTA, and subsequently seeded ont0 separate T-75 flasks at 1 . 8 ~  106 cells/flask. 

Media was replaced every other day in çontrol flasks with -80% k h  DMEMR- 1 2ECS. 

Al1 other flasks were exposed daily to 100 p M  dexrazoxane with media replacement. 

After 326 hr of dexrazoxane-exposure al1 cultures were harvested with trypsin-EDTA 



followed by quenching with DMEW-12/FCS. Ce11 densities were also determined by 

counting on a mode1 Zr Coulter counter with a 100 p m  aperture, threshold setting of 7. 

2.73.2 Preparation of staining solution, and samples for analysis 

Propidium iodide (PI) stock solution (1 mg/mL): A stock solution of PI was made by 

dissolving 1 mg of PI in 1 mL ddHfl, stored in a microcentrifuge tube at 4OC wrapped in 

foi1 for several months. 

DNase-fiee RNae A: A solution of RNase A was first prepared by dissolving 1 mg of 

RNase A into 1 mL ddH20, prepared in a g l a s  test tube. Contaminating DNase enzymes 

in the solution were inactivated by boiling the test tube for 5 min, 

Propidium iodide (PI)/Triton X-100 staining solution with RNàse A: A 10 mL staining 

soIution containing 0.02 mg/mL PI was prepared by adding to a voiume of 0.1% (v/v) 

Triton X-100 in PBS, the DNase-fkee RNase A (1  mg/mL), and 200 PL of the PI stock 

solution (1 mg/mL). 

Sarnple preparation by frration and staining: A fier di fferent periods of dexrazoxane 

exposure 5x10~ cells were removed from CHO and DZR cultures, and 8x10~  cells fiom 

heart fibroblast cultures. Cells were then centritùged at 200 g for 6 min, and gently 

resuspended as monodisperseci single cell suspensions in 0.5 mL PBS using a Pasteur pipet 

or a 22% G syringe. This was followed by the addition, dropwise of the prepared ce11 

suspensions into 4.5 mL of 70% (vh) cold ethanol whilst being vortexed, followed by 

fixation overnight at -20°C. Samples were then centrifbged and washed once with 5 mL 

PBS as before, and resuspended in 1 mL of the propidiurn iodide (Pi)/Triton X-100 



staining solution wntaining RNase A. Finally, samples were incubated for 15 min at 37OC, 

and stored on ice wrapped in foi1 until analyzed. 

2.733 Determination of the percentage of ceil aggregates 

The percentage of ce11 aggregates in ail prepared sarnples was determined 

microscopically so as to assess their contribution towards cell cycling analysis. 

Monodipersed ce11 suspensions ensure a high degree of accuracy in attributing ploidy 

levels to actual individual cells. Clumps of cells can distort the analysis of DNA 

histograrns and lead to a false-positive ploidy level. in particular, two aggregated cells in 

GOIGI of the cycle will equate to one ce11 in G2/M in terms of DNA content. AAer 

staining with propidium iodide, 20 pL of each sample was removed and diluted with PBS 

to -100 pL in a careful manner so as not to cause any dismption. Next, a minimum of 

300-500 total cells were counted under a 10X objective lens in a hemacytometer chamber. 

Each observed ce11 doublet, triplet, quadruplet, or quintuplet was attributed with a single 

count. The percentage of each types of ce11 aggregate was then detennined by dividing by 

the overall total number of aggregates counted. 

2.7.3.4 Flow cytometry, and analysis of coiiected fluorescence raw data 

Ce11 cycle analysis was carried out on an EPICS V multiparameter flow cytometer 

(Cou1 ter Electronics, Hialeah, FL, U.S.A.) in the Department of Imrnunology (University 

of Manitoba, Winnipeg, MB) with the assistance of Dr. Edward Uector. PI-stained cells 

were passed through a 75 pm chamber orifice, and excited with an argon ion laser tuned to 

488 nm. This was followed by the collection of red fluorescence emissions at 610 nrn 



using 3.5 decade logarithmic amplifiers over a span of 256 channels of increasing 

fluorescence intensity, directly proportional to increasing DNA ploidy level. A total of 

10,000 cells were analyzed per trial and the number of cells falling within each channel 

was counted. Regions of interest or gates were defineci to select certain populations of cells 

for the display of a number of select parameters. Specificall y, foward and orthogonal (90' 

or side) light scatter were recorded together with red (PI) DNA fluorescence followed by 

the correlation of each on bivatïate histograms. The relative position of the 2N diploid 

peak fiom control samples was used for instrument alignment of the DNA fluorescence 

histograms fiom dexrazoxane-treated sarnptes. 

A hard copy of the collected raw data fiom a total of 10,000 cells per sample was 

outputted displaying the number of cells that fell within each channel fiom 0-255 of 

increasing fluorescence These values were entered into a SigmaPlot spreadsheet (Jandel 

Corp., San Rafael, CA, U.S.A.), and consequently 3-D plots were generated displaying 

DNA fluorescence histograms of each analyzed sample. The designation of the respective 

axes were as follows: x-mis, level of DNA fluorescence; y-axis, duration of dexrazoxane 

exposure; z-axis, number of cells contained within each channel of DNA fluorescence. 

The collected data was expressed on a logarithmic scale (x-axis) of increasing DNA 

content vs. the nurnber of cells. The following SigmaPlot transform function was utilized 

to generate a range of 256 equally spaced numbers, which when taken the log of, extented 

fiom 1 - 1 000, as displayed on the DNA content fiequency histograms: 



The relative fiaction of cells residing within each discrete DNA ploidy levei was 

determined ernpirically fiom the collecteci raw data. The delineation between where 

successive phases 2N, 4N, 8N, etc. began or ended could not be determined absolutely due 

to the extent of overlap of nondefinable S phases. Therefore, approximations of the 

number of cells residing within each DNA ploidy peak was detennineed by dividing the 

number of counted cells between the midpoints of two successive valley regions on either 

side of a particular peak by 10,000 or the total number of cells wunted overall. 

2.7.4 Results 

Upon staining with propidiurn iodide the distribution of ploidy content in various 

ce11 lines were examined by flow cytometry in order to analyze any ce11 cycle perturbations 

caused by exposure to dexrazoxane. The DNA content of CHO cells grown in suspension 

were examined at various intervals of growth afier exposure to 100 p M  dexrazoxane at O, 

24 hr or daily (Fig. 2.19 and 2.20, respectively). Under both treatment conditions an 

increasing trend towards a high level of polyploidization appeared with increasing 

durations of dexrazoxane exposure. Adherent CHO cells grown and exposeù to 

dexrazoxane under the same conditions as suspension cells resulted in similar levels of 

polyploidization afier extended periods of time (data not shown). The identification of 

cells with higher multiples of a normal diploid content of DNA after dexrazoxane exposure 

is suggestive of cells undergoing multiple rounds of DNA synthesis in the absence of ce11 

division. Depicted in the DNA histogram profile of control CHO cells are the typical 

nonnal successive phases of a eukaryotic ce11 cycle. A greater number of cells exhibit a 

sharp 2N, diploid peak during the long GWGl phase, followed by an intermediate DNA 



synthesis phase (S phase), and finally a G2/M phase pnor to division represented by a 4N, 

tetraploid peak. 

AAer 96 hr of dail y dexrazoxane exposure CHO cells with a DNA content as high 

as 32N were detectable, indicative of four successive rounds of DNA spthesis (Fig. 2.19 

and 2.20). Exposure to dexrazoxane at 0, 24 hr with daily media replacement Iead to the 

appearance of cells with a DNA content of 32N, as well as 64N (Fig. 2.19). Although ce11 

aggregation can commonly lead to faise positive ploidy levels, microscopic examination of 

propidium iodide-stained cells revealed that very few cells were clurnped together at these 

long time periods (Table 2.10). The percentages of doublets in each prepareù sarnple was 

on average less than 7%, with triplets accounting for less than 1% of the analyzed 

population. By 92 hr, a slightly higher proportion of 32N and 64N cells were present after 

a 0, 24 hr treatment with dexrazoxane than were present after a comparative time of daily 

exposure (Table 2.1 1). Despite a similar trend towards higher ploidy content fiom either 

dmgging protocol, the replacement of media alone after two dexrazoxane exposures may 

have established more adequate conditions for fürther cycling than the protocol involving 

daily exposure. The presence of nearly twice as many 2N, diploid cells after 92 hr (Table 

2.1 1) lends support to this theory of a healthier ce11 population, although earlier viability 

studies demonstrateci no pronounceable difference between the separate treatment 

protocols (Section 2.4.3.2). 

The range of ploidy content in dexrazoxane-treated CHO cells appeared to be 

relatively evenly disiributeci with increasing times of exposure, complemented by the 

presence of multiple or continuous S-phase(s). More specificaily, after 48 hr of continuous 

exposure the percentage of 4N, 8N, and 16N cells rernained relatively constant without a 



clear progression of the entire population towards a single high ploidy level (Table 2.1 1 ). 

These results can perhaps be explained by a ce11 cycle blockage induced at differential 

ploidy levels as seen by the evenhial depletion of 2N cells f?om the population. 

Additionally, the possibility remaias that some high ploidy cells may have been able to 

undergo division in spite of a hi& degree of topoisornerase II inhibition. 

Light scatter signals resulting fkom the flow cytometrk analysis of dexrazoxane 

expose- CHO cells were compared and correlateci with other simulataneously analyzed 

parameters. The upper (1, II, III) and lower panels (TV, V, VI) of Fig. 2.2 1 correspond to 

control and 92 hr dexrazoxane-treated CHO cells, respectively. Bivariate dot plots of light 

scattering (Fig. 2.2 1 1 and IV) are representative of 10,000 analyzed cells plotted according 

to the intensity of fonuard angle (FALS) and nght angle (90°LS) light scattering. After a 

0, 24 hr dexrazoxane treatment regirnen and growth for a total of 92 hr a p a t e r  number of 

cells with increased FALS and 9O0LS properties appeared, representative of significantiy 

larger and more granula cells respectively. The encircled region of cells on these and 

other light scattering histograms was the subject of a gating selection based on physicai 

ce11 charactenstics that were carried forward for M e r  anal ysis of fluorescence properties. 

The subsequent histograms of Fig. 2.21 display the andyzed relative fluoresence 

detected fkom control and 92 hr dexrazoxane-exposed CHO cells. Normally when a ce11 

passes through a laser beam the scattering of fluorescent light is detected and an electronic 

signal or pulse is generated. Two measurements are made on these propidium iodide 

stained cells: (i) the integrated relative fluorescence (IRFL) emitted from these cells, which 

is proprotional to their DNA content, and (ii) the width of the pulse signal in time (PRFL) 

[39]. Since PRFL is proportional to the size of the measured particle a direct correlation 



was made between increased DNA ploidy level and inaeased ce11 size. When displayed 

on separate axes of bivariate histograms these parameters revealed distinct sub-populations 

of various DNA content levels afier 92 hr of dexrazoxane exposure. In particular, five 

separate sub-population regions were identified on the histogram of 92 hr dexrazoxane- 

treated cells (Fig. 2.2 1 V). When viewed fiom the perspective of the x-axis ( M L )  looking 

forward these sub-populations correspond to the ploidy levels 2N, 4N, 8N, 16N, 32N 

identified in Fig. 2.21VI as C, D, E, F, J. These final DNA content vs. ce11 munt bivariate 

histograms (Fig. 2.2111 and VI) are a re-representation of control and 92 hr individual 

histograms previously show in Fig. 2.19. 

Ultimately, aside fiom the correlation postulateci between increasing PRFL or ce11 

size and increasing DNA ploidy a strategy known as back-gating [40] was employed to 

determine the physical characteristics of the various sub-populations of cells. By placing a 

gate around these regions with distinct fluorescence characteristics (Fig. 2.2 1 II and V) the 

light scattering characteristics of these cells were highlighted in distinct regions of the 

histogram 1 and IV. Specifically, higher ploidy cells possessed increased FALS and 90°LS 

properties representative of being significantly larger and more granular. Furthermore, the 

lack of the appearance of cells with subdiploid DNA content and the absence of a 

significantly reduced FALS properties indicated that apoptotic bodies were not present and 

suggests that dexrazoxane did not induce apoptosis in CHO cells 138,411. 

in addition to the flow cytornetry analysis of dexrazoxane treated CHO cells, two 

0 t h  ce11 lines, namely DZR and hart fibroblasts werc exarnined with respect to the 

effects of dexrazoxane on ce11 cycle perturbations. After 96 hr of continuous dexrazoxane 

exposure the profile of DNA ploidy in DZR cells remaineci relatively unchanged fiom that 



of control cells (Fig. 2.22). This result was as expected, due to the inherent resistaace 

towards dexrazoxane [22], and their previously dernonstrate- unchanging distribution in 

ce11 size upon expos-we to dexrazoxane (Section 2.5.4). The insignificant increase in the 

fraction of  16N and 32N DZR cells afier 96 hr dexrazoxane exposure (Table 2.1 1) can be 

attributed to some ce11 aggregation (Table 2.1 O), and perhaps a partial unproven reversion 

in dexmoxane resistance of some cells. 

When heart fibroblast cells were exposed to dexrazoxane continuously for 326 hr 

DNA content did not increase to such high ploidy levels as seen with respect to CHO cells 

(Fig. 2.23). Instead, as cells cuntinued to cycle a significant proportion of the population 

presumably became blocked in the GZM phase. This result was indicated by an increased 

fiaction of 4N cells after 326 hr, paralleled by a decreased fiaction of 2N cells, compared 

to control levels (Table 2.11). In addition afier 326 hr of dexrazoxane exposure 8N and 

16N ploidy cells were present, and the S phase which had previously existed berneen 2N 

and 4N ploidy peaks was no longer present. This result suggests that while some cells 

were able to cycle ont0 higher ploidy levels in the absence of ce11 division others became 

quiescent and stopped cycling altogether, and remained in a GO/Gl phase. Overall, the 

effects of dexrazoxane on CHO and hart fibroblast ce11 cycling appeared similar with 

respect to an obvious increasing trend towards a high level of polyploidization. 

Furthamore, the diffixing propensities between these two ce11 lines towards a possible 

GZ/M blockage may be amibutecl to their respective doubling rates, inherent life spans, 

and/or topoisornerase II levels. 



Fig. 2.19. Ceii cycle analysis of CHO ceiis exposed to derazoxae at O, and 24 hr with 
daily media replacement. Cells were taken directly fkom suspension cultures at the 
indicated times, stained with propidium iodide and analyzed by flow cytomeûy as 
described in Section 2.7.3.4. Shown here is integrated red fluorescence on a logarithmic 
scale, reflective of increasing DNA content vs. the number of cells. The l e h o s t  peak in 
the control (O hr) culture represents GOIG 1 (2N) cells. Cells with twice the fluorescence of 
GOIGI cells represent the G2/M cells with tetraploid (4N) levels of DNA. At subsequent 
times, higher multiples of the Gû/Gl peak can be seen, representative of higher ploidy 
levels (8N, 16N, 32N respectively). A total of 5000 cells were analyzed per time interval. 



Fig. 2.20. Cell cycle analysis of CHO cells exposed daily to derazoxane with media 
replacement. Cells were taken directly fiom suspension cultures at the indicated times, 
stained with propidium iodide and analyzed by flow cytometry as described in Section 
2.7.3.4. Shown here is integrated red fluorescence on a logarithmic scale, reflective of 
increasing DNA content vs. the number of cells. The leflmost peak in the control (O hr) 
culture represents GO/GI (2N) cells. Cells with twice the fluorescence of Gû/Gl cells 
represent the G2/M cells with tetraploid (4N) Ievels of DNA. At subsequent times, higher 
multiples of the GWGI peak can be seen, representative of higher ploidy levels (8N, 16N, 
32N respectively). A total of 10,000 cells were analyzed per time interval. 
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Fig. 2.21. Correlation of physical üght scattering properties with DNA ploidy level in 
dexrazoxane-treated CHO cells. Upper (1, II, III) and lower panels (IV, V, VI) 
correspond to control and 92 hr dexrazoxane-treated CHO cells, respectively. Cells were 
exposed to dexrazoxane at 0, 24 hr with daily media replacement. Light scattering 
analysis (1 and TV) revealed an increasing trend towards a greater intensity of forward 
angle (FALS) and side angle (90°LS) light scattering in dexrazoxane-treated cells, 
reflective of increasing ce11 size and granularity. An analysis of gated cells in terms of 
pulse-width (PRFL) vs. integrated relative fluorescence (IRFL) in histograms II and V 
revealed the existence distinct sub-populations of cells. As displayed in histograms III and 
VI, a clearer analysis of IRFL or DNA content vs. ce11 count shows the range of ploidy 
levels in these ce11 samples. Back-gating anal ysis of fluorescence sub-populations 
demonstrated a clear correlation between increased ploidy levels and increased FALS and 
90°LS properties. 



Fig. 2.22. CeU cycle analysis of DZR celis exposd daiiy to deruoxane witb media 
replacement. Cells were harvested fiom T-flasks at indicated times, stained with 
propidium iodide and analyzed by flow cytometry as described in Section 2.7.3.4. Shown 
here is integrated red fluorescence on a logarithmic scale, reflective of increasing DNA 
content vs. nwnber of cells. The leftmost peak in the control (O hr) culture represents 
GO/G 1 (2N) cells. Cells with twice the fluorescence of GO/G 1 cells represent the G2/M 
cells with tetraploid (4N) levels of DNA. At subsequent times, higher multiples of the 
GO/Gl peak were not seen indicative of the inherent resistance of DZR cells to 
dexrazoxane. A total of 10,000 cells were analyzed per time interval. 
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Table 2.10. Percentage of ceU aggregates contributhg to flow cytometry analysis. 

CHO 

M o n o f  Time -- (W 
eV="= 

Exposed daily O 
21 
48 
72 
93 
121 
144 

Exposed daily O 
% 

Single Dwblets Triplets Quadruplets Quïnîuplets 
œIls (%) ('w (%O) (W 
('w 
93.9 6.1 0.0 0.0 0.0 
89.1 8.4 2.4 0.2 0-C 
91.5 7.1 1.2 0.2 0.0 
92.1 7.1 0.8 0.0 0.0 
93.1 5.9 0.8 0.2 0.0 
93.7 5.5 0.8 0.0 0.0 
91.0 8.2 0.8 0.0 0.0 



Table 2.1 1. CeU cycle distribution of ceUs exposed to derazosane. 

Ce11 
Line 

CHO 

Duration of Time 
dexrazoxane m)" 

exposure 

Ce11 cycle distribution (96) b 

2N 4N 8N 16N 32N 64N 

Exposed daily O 
21 
48 
72 
93 
121 
1 44 

Exposed at O 
0,24 hr 48 

92 

DZR 

- ~ 

Exposed daily O 
96 

Heart 
Fibroblasts 

Exposed daily O 
326 

"Duration of exposure of cells to the dexrazoxane 

bThe ce11 cycle distribution was calculated by cornputer analysis fiom red 
(DNA) fluorescence histograms displayed in Fig. 2.19,2.22, and 2.23 

The number of cells residing within each successive pioidy phase was approximated by 
first, assuming non-definable S phases and second, dividing the number of counted cells 
between successive valley region rnidpoints by the total overall number of cells analyzed. 



Epi-Wumination fluorescence microscopy malysis of deuazoxane-treated 
CHO celis 

In traduction 

Fluorescent molecules absorb light at one wavelength and emit light at another, 

longer wavelength. Through the use of specific fluorescent probes and stains various 

cellular structures, biological macromolecules, and organelles can be labelled and 

subsequently viewed microscopically. This is the concept of fluorescence microscopy. 

Sometimes the fluorescent rnolecule itself is a direct stain for specific structures. In other 

situations the fluorescent dye is bound to another non-fluorescent probe such as an 

antibody which recognizes specific structures. in the following section, the effects of 

dexrazoxane on essential mitotic structural components including DNAhucleus, F-actin, 

microtu bulin, and centrosomes was anal yzed upon immunofluorescent and fluorescent 

labelling. Furthemore, the effect of dexrazoxane on the spatial localization and 

morphologies of such organelles as mitochondria, endoplasmic reticulum, and golgi 

apparatus was also examined by fluorescence microscopy. Finally, the structure of nuclear 

chromatin in dexrazoxane-treated CHO cells was examined for the purpose of correlating 

with the morphologicai deveiopment of their cellular state. More specifically, by the use 

of fluorescent dyes the posibility of dexrazoxane-induced apoptosis in CHO cells was 

investigated according to the degree of chromatin condensation or staining. 



2.8.2 Materials 

Cover glass slips (22x22 mm, no. 1 %, cat. No. 12-541B) and glas slides (75x25 

mm, cat. No. 12-550A) were obtained from Fisher Scientific (Fairlawn, NJ, U.S.A.). 

Culture plates (1 00x20 mm, cat. No. 25020) were obtained nom Coming Glas  Works 

(Corning, N.Y ., U.S.A.). Hoechst 33258 (cat. No. B-2883), ethidium bromide (95%, cat. 

No. E-875 1), acridine orange (cat. No. A-6014), bovine semm albumin @SA, cat. No. A- 

3 3 50), paraformaldehyde (cat. No. P-6 148), anti-mouse IgG l FITC conjugated secondary 

antibody (Cy3, cat. No. 2181) were obtained h m  Sigma Chernical Co. (St. Louis, MO, 

U.S.A.). Triton X-100 (cat. No. X198-5) was obtained fiom J.T. Baker Chernical Co. 

(Phillipsburg, NJ, U.S.A.). Rhodamine-labelled phaltoidin (cat. No. R-4 15), DiOC6(3) 

(cat. No. D-273), BODiPY FLCs-Ceramide (cat. No. D-3 X?), JC- 1 (cat. No. T-3 168), ER- 

Tracker Blue White DPX (cat. No. E- l2353), Mito-Tracker Green FM (cat. No. M-75 14j 

were obtained from Molecular Probes, inc. (Eugene, OR, U.S.A.). Anti-acetylated 

a-tubulin primary antibody (C3B9) was donated by K. Gull, (University of Manchester, 

UK). Mouse monoc1onal antibody (TU-30) was donated by P. Draber, (Czechoslovakia). 

Acetone was obtained fiom Anachernia Ltd. (Toronto, ON). Methanol was obtained fiom 

Cornmerical Alcohols Inc. (Toronto, ON). 



2.83 Methods 

2.83.1 Drug treatment 

CHO cells were grown as adherent cultures in T-75 flasks seeded at 2x 106 

celldflask or on sterile 22x22 mm (no. 1 %) cover glass slips in 100x20 mm culture plates, 

seeded at I .OX 1 O' cells/plate. Afier a 24 hr aîtachment period cells were treated &ce at O, 

24 hr with 100 pM dextazoxane, followed by daily media replacement. Control cells were 

seeded 24 hr prior to analysis. in Section 2.8.3.3, with respect to apoptosis quantitation 

both control and 96 hr dexrazoxane-treated CHO cells were harvested fiom T-75 flasks 

with trypsin-EDTA followed by resuspension in fiesh media to an appropriate ce11 density. 

2.8.3.2 Examining structurai organization and organelle localization in 
dexruoxane-trerted CHO ceUs using fluorescence microscopy 

After 96 or 144 hr of dexrazoxane exposure, both control and dmg treated cells 

were prepared and stained for various celIular constituents acçording to the following 

procedures. As indicated where required, cells were either pre- or pst-fixed using fieshIy 

prepared 3.7% (wh) parafomaldehyde in PBS. In some instances unfixed live cells were 

stained prior to viewing. For the purpose of simplicity, protocols used for the preparation 

of live cells have not been included where the results of fixed cells were shown to be very 

similar if not identical. Cells were viewed on an Zeiss Photo II inverted microscope 

through 20X andor 40X objective lens. Fluorescence was detected using DIC andor 

epifluorescence optics with the appropriate filter sets, and images were captured with a 

Sony 3 chip colour cooled charge-coupled device (CCD) carnera using the Northern 



Exposure Imaging system. Al1 images were processed by subtraction of camera dark noise 

and archived for later retrieval using custom designed software. 

For the purpose of later discussion, previous unpublished fluorescence microscopy 

results attained fiom the staining of DNA, F-actin, microtubules, and centrosomes are 

included herein. CHO cells cultured and treated with dexrazoxane for these experiments 

were performed by Dr. Gaik-Lean Chee, previously in our laboratory. Fluorescent staining 

and viewing of microtubules and centrosomes fiom dexrazoxane-treated CHO cells was 

performed by Dr. Edward Byard (Department of Biology, University of Winnipeg). A11 

other fluorescent staining and viewing was performed by Dr. Erwin Huebner (Department 

of Zoology, University of Manitoba). 

DNA/nucIeus staining: Cover slips were gently removed fiom media, fixed for I hr at RT 

after the addition of a few drops of 4% (w/v) parafomaldehyde in PBS, and then washed 

(3x) with 1-2 mL of PBS. Next, cells were stained for 30 min at RT after the addition of a 

5: 1 O00 pL dilution of stock Hoechst 33258 (1 mg/mL in 0.9% NaC1) with PBS, followed 

by washing with PBS (3x) as before. Cells were observed in fluorescence with the filter 

set for Hoechst. 

F-actin staining: Cover slips were gently removed from media, fixed for 1 hr at RT after 

the addition of a few drops of 4% (w/v) paraformaldehyde in a microfilament stabilizing 

buffer (PEME, pH 6.9). Cells were then permeabilized and washed (3x) by incubation in 

0.2% (v/v) Triton X-100 in PBS for 10 min each at RT. Next, cells were stained for 1 hr at 

RT after the addition of a 5: 1000 pL dilution of rhodamine-labelled phailoidin (1 mg/mL 

in methanol) with PBS, followed by washing with PBS (2x) as before. Cells were 

observed in fluorescence with the filter set for rhodamine. 



Microtubule staining: Cover slips were gently removed from media, fixed for 1 hr at RT 

afier the addition of a few drops of 4% (w/v) paraformaldehyde in a microfilament 

stabilizing bufier (PEME, pH 6.9). Cells were then penneabilized and washed (3x) by 

incubation in 0.2% (vlv) Triton X-100 in PBS for 10 min each at RT, followed by blocking 

for 30 min with 0.5% (wlv) BSA in PBS-Triton X- 100. Next, an anti-acetylated a-tubulin 

prirnary antibody (C3B9, fiom K. Gull, University of Manchester, UK) was added to each 

cover slip diluted 1 5  with PBS and incubated for 1 hr at 37OC. Cells were then washed 

(Sx) for 10 min with PBS-Triton X-100, and incubated 1 hr at 37°C in the presence of a 

secondary FITC conjugated antibody (Cy3, Sigma). After a finai washing step with PBS- 

Triton X- 100 cells were observed in fluorescence with the filter set for fluorescein. 

Cenhosorne (gamma tubulin) and DNALnucleus double staining: Cover slips were gently 

removed Çom media, and washed (3x) with PBS. Cells were penneabilized, first by 

incubation in 100% methanol at -20°C for 20 min, followed by washing (3x) for 5 min 

with 33% (v/v) methanol in PBS. This was followed by tùrther permeabilization (2x) with 

0.2% (vlv) Triton X-100 in PBS for 10 min each at RT, followed by blocking for 30 min 

with 0.5% (wlv) BSA in PBS-Triton X-100. Cells were then pst-fixed for 15 min at 37OC 

by the addition of a few drops of 4% (wlv) paraformaldehyde in PBS to the mver slip, 

followed by washing with PBS (2x) as before. Next, a mouse monoclonal IgGl primary 

antibody (TU-30, P. Draber, Czechoslovakia) specific for y-tubulin was added and 

incubated 1 hr at 37OC. Cells were then washed (2x) for 10 min with PBS, and incubated 1 

hr at RT in the presence of a secondary FITC wnjugated antibody (Cy3, Sigma). Cover 

slips were then washed with PBS and stained for 10 min with 10 (ig/mL Hoechst 33342 in 



PBS. After a final washing step with PBS cells were obsewed in fluorescence with filter 

sets for fluorescein and Hoechst. 

Endoplasmic reticulum membrane staining: Cover slips were gently removed from media, 

fixed for 5 min at 37OC after the addition of a few drops of 3.7% (wh) paraformaldehyde, 

and then washed twice with PBS. Cells were then permeabilized by incubation in 0.1% 

(vh)  Triton X-100 for 10 min at RT. Next, cells were stained for 30 min at 37OC afier the 

addition of a 1 : 1000 pL dilution of stock ER-Tracker Blue White DPX (1 mM in DMSO) 

with PBS, followed by washing with PBS (2x) as before and placing in the dark. Cells 

were observed in fluorescence with the fïiter set for Hoechst. 

Endoplasmic reticulum ancilor mitochondrr'a membrane staining: Cover slips were gently 

removed fiom media, and washed twice with PBS. Next, cells were stained for IO min at 

RT after the addition of a 1: 1000 PL dilution of stock DiOC6(3) (0.5 m g h L  in 100% 

ethanol) with PBS, followed by washing with PBS (2x) as before and placing in the dark. 

Cells were observe- in fluorescence with the filter set for fluorescein. 

Mitochondria membrane staining: Cover slips were gently removed fiom media, and 

washed twice with PBS. Next, cells were stained for 15 min at 37OC a b  the addition of 

100 pL of stock Mito-Tracker green FM (1 mM in DMSO), followed by washing with 

PBS (2x) as before. Cells were then pst-fixed fixed for 15 min at 37OC afkr the addition 

of a few drops of 3.7% (w/v) paraformaldehyde in PBS, followed by washing with PBS 

(2x) as before and placing in the dark. Cells were observed in fluorescence with the filter 

set for fluorescein. 



Active vs. inactive mitochondria membrane stuining: Cover slips were gently removed 

fiom media, and washed twice with PBS. Next, celis were stained for 10 min at RT after 

the addition of a 10: 1000 pL dilution of stock JC- 1 (1 mg/mL in DMSO) with PBS, 

followed by washing with PBS (2x) as before. Cells were observed in fluorescence with a 

long pass filter set for fluorescein. Active and inactive mitochondria were disiinguished by 

a red or green fluorescence, respectively. 

Golgi apparatus staining: Cover slips were gently removed fiom media, and washed 

twice with PBS. Next, cells were stained for 10 min at 37°C after the addition of a I :200 

pL dilution of stock BODIPY Ceramide (2.5 mM in ethanol) with BSA-MEM (0.34 

mg/mL fatty acid-fiee BSA in MEM), followeâ by washing with PBS (2x) as before and 

placing in the dark. Cells were observed in fluorescence with the filter set for fluorescein. 

2.8.3.3 Quantitition of apoptosis in dexrazoxane-treated CHO ceus using 
fluorescent dyes 

The chromatin organization in 96 hr dexrazoxane-treated CHO cells was examined 

by fluorescence microscopy for the purpose of quantitating the degree of apoptotic 

induction [42]. An explicit description of the protocol utilized for apoptosis quantitation, 

including sample preparation and evaluation criteria is explainecl later in Section 3.5.2.3 

with respect to W62 cells. In brief, CHO cells were double stained by the addition of 

4 pL of ethidiurn brorniddacridine orange (100 yg/mL in PBS) to 100 pL of cells in 

a-MEMIFCS, previously hmesteâ with trypsin-EDTA. Cells were then mounted onto 

75x25 mm glas  cover slides and viewed by epifluorescence microscopy under a 40X 

objective lenses, employing an XF- 19 filter set (Omega Optical, Brattleboro, VT). A 



minimum of 1000 cells o f  nomal size and larger were counted per sample. Apoptotic and 

necrotic positive control samples were generated by the treatment of CHO cells with 

10 FM carnptothecin daily for 48 hr and 70% (vh) ethanol, respectively. 

Acridine orange is a membrane permeable dye taken up by cells which may or may 

not possess an intact membrane. Upon binding DNA acridine orange fluoresces green in 

viable cells (and red-orange upon binding RNA or single stranded DNA). Conversely, 

ethidium bromide is a charged dye taken up by necrotic cells which possess damaged outer 

membranes and overwhelms acridine orange fluorescence. Upon binding DNA ethidiwn 

bromide fluoresces orange in non-viable and necrotic cells. 

Based on the various morphologicai appearances, chromatin structures, and 

membrane integrity observed the percentage of each ce11 type was determined in relation to 

the total number of cells counted. Viable and non-viable apoptotic cells were identified on 

the basis of their tiagrnented nuciei and condensed chromatin beads around the periphery 

of the nucleus. The nurnber of cells of each of the following four cellular States were 

counted: (i) VNA, viable cells with green non-apoptotic chromatin/nuclei and diffuse 

fluorescence intensity; (ii) VA, viable cells with green apoptotic chromaiin/nuclei; (iii) 

NEC, necrotic or non-viable cells with orange normal chromatin/nuclei and diffuse 

fluorescence intensity; (iv) NVA, non-viable cells with orange apoptotic chromatidnuclei. 

Photographs of cells were taken with a Nikon camera mounted on a photomicroscope with 

epifluorescence attachment. Kodak Ektachrome (Elitechrom) 400 daylight color slide film 

was used with the following setting under 40x objective lens: shutter control on, step 

setting of + 1, set time of 4 sec, actuai exposure time -1 0 sec. 



2.8.4.1 Structural appearance and loeilization of fluorescentiy Iabelled cellular 
cons tituen ts 

The effects of dexrazoxane on the stmctural organization and localization of 

various cellular constituents in CHO cells was assessed by epi-fluorescence microscopy 

after preparation and staining as described in Section 2.8.3.2. As shown in Fig. 2.24a 

under différentia1 interférence contrast PIC), adherent CHO cells exposed to dexrazoxane 

for 144 hr were significantly larger in size with extensively developed pseudopodia as 

comparai to wntrol cells (inset). This result complements earlier observed morphologies 

of suspension cplls (Section 2-54), and confimis as expected that culture conditions do not 

contribute to the observed effects of dexrazoxane on CHO cells. Preceeding the foliowing 

results it was detennined that CHO cells did not emit any natural fluorescence. 

When compared to the control (Fig. 2.24, inset images) a number of significant 

changes in various structural components occurred in CHO cells after 144 hr of 

dexrazoxane exposure. DNA fluorescent staining of dexrazoxane-treated CHO cells with 

Hoechst 33258 showed large, highly fkagmented, multi-lobed nuclei exhibiting varying 

morphologies (Fig. 2.24b). The variable nwnber of individual nuclear lobes detected in 

these such cells is consistent with flow cytometry data of an increasing variation in DNA 

ploid y level with dexrazoxane exposure. However, i t remains uncertain whether the exact 

number of nuclear lobes constitutes a good estimate of the actual ploidy level of these 

cells. In some cases, these DNA-stained nuclear lobes were separated by pockets of space 

within the ceIl, thus suggesting a ainceivable attempt of the dexrazoxane-treated CHO 

cells to separate daughter chromatids (data not shown). 



When stained with rhodamine-labelled phalloidin 144 hr dexrazoxane-treated CHO 

cells were shown to possess an elaborate and extensive array of F-actin microfilaments 

(Fig. 2.24~). This dense network of cross-linking confirms the important role of F-açtin in 

providing mechanical strength to the cytoskeletal structure of a cell, particularly in such 

enlarged cellular structures as seen here. Similady, irnmunofluorescence staining using an 

anti-acetylated a-tubulin antibody revealed the presence of large, well developed networks 

of microtubule fibers (Fig. 2.24d). Occasionally it was noticed that a few large 

dexrazoxane-exposed cells appeared to be in the process of ce11 division. The role of 

microtubule fibers in the regulation of ce11 shape and the plane of division was exemplified 

by the appearance of a ce11 division midbody between two such dividing cells (data not 

shown). Anti y-tubulin fluorescent staining of centrosomes showed that control cells 

possessed 1-2 centrosomes (Fig. 2.24e, inset), each presumably containing a pair of 

centrioles consistent with normal mitotic ce11 cycling. In comparision, afier 144 hr of 

dexrazoxane exposure, CHO cells possessed multiple spindle poles, or centrosome pairs 

(Fig. 2.24e). This result combined with the observed presence of multiple nuclear lobes 

clearly indicates that ce11 cycling continues to occur in dexrazoxane-treated CHO cells in 

the absence of cytokinesis. 

Fluorescent staining with ER-Tracker Blue-White DPX and Mito-Tracker Green 

FM specificdly identified extensive networks of endoplasrnic reticulum (Fig. 2.25a), and 

mitochondria (Fig. 2.25b) respectively in 96 hr dexrazoxane exposed CHO cells. As 

compared to control cells (inset) and previous reports of similar fluorescent stainuig 

analyses 143,441 these patterns of organelle Localization and morphology appeared to be 

normal. Mitochondria appeared as long discontinuous filaments and as  tiny circular or 



granular objects clustered mainly about the nuclear region. This was clearly identifiable in 

dexrazoxane-treated CHO cells, perhaps suggesting increased ATP requirements. On the 

other hand endoplasmic reticulum were not as distinct in shape or size as mitochondria and 

their relative localization was found to be generaily about the entire cell, with a somewhat 

heavier staining around the nuclear region. Endoplasmic reticulum were also fluorescently 

stained with DiOC6(3) (Fig. 2.25d). This dye prirnarily Stains the membrane of 

endoplasrnic reticulum, but when used at high concentrations or for longer durations of 

exposure mitochondrid membranes are aiso stained, indiscriminately. In light of this fact, 

endoplasmic reticulum appeared as a dense network of organelles streaming outward from 

the nudeus much like Mito-Tracker Green FM staining of mitochondria. 

In order to possibly assess the fiaction of active mitochondria existing in CHO cells 

after 96 hr of dexrazoxane treatment cells were stained with JC-1 (Fig. 2.25~). By the use 

of this fluorescent dye active and inactive mitochondria a n  be discerned by either a red or 

green fluorescence, respectively. Due in part to an inadequate solubilization of the dye the 

image revealed in Fig. 2.2% is not the most ideal. Although both active ( r d )  and inactive 

(green) mitochondria appeared as tiny dots it is uncertain whether dexrazoxane-treated 

cells possessed a relatively higher proportion of one as oppposed to the other. Finally, 

dexrazoxane-treated CHO cells were fluorescently stained for Golgi apparatus with 

BODIPY ceramide (Fig. 2.2Se). These organelles appeared normal without any distinctive 

shape, size, or disceniment of separate components much like the speckled appearance of 

endoplasmic reticulum as previously noted. Also, in a similar fashion to other organelles 

golgi apparatus were generally distributed about the entire area of the ce11 with a greater 

proportion centered around the nuclear region. 



Fig. 2.24. Bright ficld and fluorescent photomicrographs depicting the structural 
organization of attached CHO ceiis treated with derrazoxane twice for 144 hr. Under 
DIC optics (A), there was an evident enlargement in ce11 size, change in morphology, and 
the development of pseudopodia as cornpared to control cells (inset A-E). DNA staining 
with Hoechst 3325 8 (B), revealed si gni ficantl y enlarged nuclear regions that contained a 
variable number of multiple lobes. An extensive F-actin microfilament array (C) was seen 
in these cells, as revealed by rhodamine-labelled phalloidin staining. As well, an extensive 
microtubule array @) was revealed by imrnunofluorescence upon secondary FITC staining 
to a specific anti-acetylated a-tubulin prirnary antibody. As cornpared to control cells, 
dexrazoxane-treated cells possessed multiple centrosomes (E), upon immunofluorescence 
staining with anti-gamma tubulin. This observation indicates that ce11 cycling and 
centrosome doubling is continuhg to occur in the absence of cytokinesis. Al1 images are 
as seen under a 40X objective lens. Control images for @) were unforîunately not taken. 



Fig. 2.25. Fluorescent photomicrographs depicting the locaiization of various 
organeiies in attached CHO ceUs treated with dexrazoxane twice for 96 hr. 
Fluorescent staining with ER-Tracker Blue White DPX and MitoTracker Green FM clearly 
identi fied an extensive network of endoplasmic reticulum (A), and mi tochondria (B), 
respectively which streamed outward as elongated discontinuous filaments. The intense 
concentration of mitochondria about the nuclear region (B) is suggestive of area requiring 
a hi& dernand for ATP. Fluorescent staining with JC-1 (C) revealed that these 
mitochondria were both active ( r d )  and inactive (green). The extensive network of both 
of endoplasmic reticulurn and rnitochondria was M e r  confixmed after non-discriminate 
fluorescent staining with DiOC6(3) @). Fluorescent staining for Golgi apparatus with 
BODIPY Ceramide @) revealed an inconclusive extensive network similar to the other 
examinai organelles. Al1 images are as seen under a 40X objective lens. 



2.8.4.2 Morphological characterization of chromatin patterns 

As shown in Fig. 2.26d, fluorescent photomicrographs taken of 96 hr dexrazoxane- 

treated CHO cells revealed chromatin patterns and staining consistent with nonapoptotic 

cells, either viable (green) or nonviabldnecrotic (orange). These cells which were 

enlarged in size as compared to control cells (Fig. 2.26~) exhibiteà relatively normal 

variations in fluorescent intensity, although they possessed multiple nuclear lobes. This 

non-uniform staining of chromaîin is reflective of a normal distribution of heterochromatin 

(condensed and nontranscribed) and euchromatin (les condensed and transcribed) [42], 

and perhaps suggests normal mitotic cycling in the absense of cytokinesis. in order to 

validate the ethidium bromiddacridine orange staining technique positive conhols for 

apoptotic and necrotic ce11 death (Fig. 2.26a and 2.26b) were generated by exposure to 

10 FM camptothecin and 70% (vh) ethanol, respectively. The chromatin pattern in 

apoptotic nuclei appeared unifonnly stained taking the form of crescents around the 

periphery of the nucleus, or as groups of feahireless, bright spherical beads (arrow # I ) .  

Necrotic control cells on the other hand possessed normal variations in chromatin staining, 

and were generally the same size as untreated CHO cells. Quantiiation of the percentage 

of morphogical ce11 types present upon dexrazoxane exposure revealed very little change 

as compared to control cells (Table 2.12). AAer 96 hr of dexrazoxane treatrnent the ceil 

population consisted of 88% viable non-apoptotic (VNA), and 12% necrotic W C ) ,  and 

essentially no apoptotic cells, viable or non-viable. Overall, these results suggest that 

although dexrazoxane induces a small decrease in CHO ce11 viability with time (Section 

2.4.3.2) it is not necessarily atûibutable to the induction of apoptosis. 



Fig. 2.26. A cornparison of chrormrtin organization in 96 hr dexrazoxane-treated 
CHO ceiis with apoptotic and nectrotic controts. Apoptotic (A) and necrotic (B) 
controls were prepared by exposure to 10 pM carnptothecin for 48 hr and overnight 
exposure to 70% (v/v) ethanol, respectively. Exponentially growing CHO cells (C) were 
exposed to 100 pM of dexrazoxane at 0, 24 hr with daily media replacement and 
subsequently examined and charactenzed @) as descnbed in Section 3.5.2.3. Apoptotic 
cells were identified by fiagmented nuclei, and bright, uniformiy fluorescent sphencal 
beads of condensed chromatin spread around the periphery of the nucleus (arrow #I).  
Non-apoptotic cells undergoing mitosis in the absence of cytokinesis were identified by the 
presence of multiple nuclear lobes, and varying degrees of fluorescent staining chromatin 
and nuclear compaction (arrow #2). Al1 images are as seen under a 40X objective lens. 



Table 2.12. Characterization of various morphological cellular states in CHO cells by 
chromatin pattern analysis after dexrazoxane exposure. 

- - -  

Duration of Number of cells countedb 
dexrazoxane exposure" VNA NEC VA NVA Total 

( W  (%) (%) (%) (%) (%) 
- - - -- . - - . 

1 066 105 O O 1171 
O 

(91%) (9%) (0%) (0%) (100%) 

1465 204 O 1 1670 
96 

(88%) (12%) (O?!) (0%) (1 00%) 

" Attached CHO cells were exposed to dexrazoxane at 0,24 hr with daily media 
replacement, then harvested and double stained with ethidium bromiddacridine orange. 

b The percentage of viable non-apoptotic (VNA), necrotic (NEC), viable apoptotic (VA), 
and non-viable apoptotic (NVA) were determined as described in Section 3.5.2.3 after 
mounting onto gIass slides and viewing by epi-fluorescence microscopy. 



2.9 Ultrastructural examination of ceU morphology in denrazosane-treated CHO 
cells using transmission electron microscopy 

2.9.1 Introduction 

The limiting separation at which two objects can still be seen as distinct under a 

light microscope is just under 0.2 Pm. By cornparison the resolution achieved under an 

electron microscope is about 100 times greater 1451. Although the prinicpal features of 

both types of microscopes are very similar, one focuses light while the other focuses 

electrons. Contrast in an electron microscope is directly propodonal to the atomic number 

of the atoms in a specimen. As electrons impinge upon the sample some are scattered 

according to the 1ocaI density of the specimen whereas others pass through and are focused 

to fom an image, thus achieving a very high degree of ultrastructural resolution [45]. It 

was primarly due to this reason alone that dexrazoxane-treated CHO cells were stnicturally 

analyzed M e r  using transmission electron microscopy as described in the following 

section. 

2.9.2 Materials 

Potassium phosphate monobasic (KH2P04, cat. No. P-286) was obtained fiom 

Fisher Scientific (Fairlawn, NJ, U.S.A.). Potassium hydroxide (1M KOH, cat. No. 5282) 

was obtained fiom Mallinckrodt Specialty Chernicals Co. (Paris, KT, U.S.A.). 

Glutaraldehyde (50%, cat. No. G-765 1) was obtained fiom Sigma Chernical Co. (St. Louis, 

MO, U.S.A.). 



Phosphate buffet-.- A solution of 0.1 M phosphate buffer was prepared by dissolving 

0.54436 g of KH2P04 in ddH20, titraîed to 40 mL and a pH of 7.4 with 1 M KOH. 

Glutaraldehyde fautive: A 40 ml solution of 2.5% (wlv) glutaraldehyde was prepared by 

adding 2 mL of 50% (wlv) glutaraldehyde to 38 mL of 0.1 M phosphate b u f k ,  pH 7.4 

followed by filtration through a 0.2 pm acetate filter, and storage at 4OC in an amber bottle. 

CHO cells were grown as suspension cultures in double sideam suspension spinner 

flasks, seeded initially at 2 . 0 ~ 1 0 ~  celldml and exposed to 100 pM dexrazoxane daily with 

media replacement as previously described (Section 2.7.3.1). Approximately 5x 1 o6 cells 

were collected in replicate fkom control and 96 hr dexrazoxane-treated cultures, washed 

once with PBS by centrifiigation at 250 g for 7 min, and resuspended in 0.5 mL of 2.5% 

(w/v) glutaddehyde fixative soIution in PBS with a Pasteur pipet. Sarnples were then sent 

to Dr. Victor Ferrans at NIH, Bethesda, MD, U.S.A. on top of partially €roten ice packs. 

Upon arrival, sarnples were pst-fixed with 1 % (vlv) osmic acid in O. 1 M phosphate buffer, 

pH 7.3, dehydrated with graded ethanol and propylene oxide, and embedded in PolyBed 

#812 Epoxy resin. After trimming, ultrathin sections were made using a microtome. 

Sections were then stained with uranyl acetate and lead citrate, and viewed on a JEOL 

1 200EX electron microscope. 



Transmission electron microscopy was used in part to structurally analyze the 

nuclear architecture of dexrazoxane-treated cells under a higher resolution as well as a 

rneans to examine for characteristic features of apoptosis. As expected, electron 

photomicrographs of çontrol CHO cells under 8ûûX magnifiation were shown to contain 

1-2 nuclear lobes, consistent with the normal progression of the ce11 cycle (Fig. 2.27a). 

CHO cells treaîed with dexrazoxane for 96 hr displayed varying degrees of 

hypersegmentation into multiple nuclear lobes, suggesting continuai cycling in the 

absence of ce11 division (Fig. 2.27b). This result complements earlier observations made 

using fluorescence microscopy (Section 2.8.4.1) and is cunsistent with the varying ploidy 

levels previously identified in these cells (Section 2.7.4). Due to the nature of this 

photornicrograph being acquired tiom a single thin section, it is very likely that some of 

these lobes may be one in the same, going into and out of the page. The lack of separation 

amongst these structures M e r  suggests that they may in fact be nuclear lobes as opposed 

to individual nuclei. 

Upon M e r  examination of ultrastructural morphology it was seen that afier 96 hr 

of dexrazoxane exposure CHO ce11 structure, in ternis of size and shape diversifid fiom 

that of the control. For the most part control cells appeared circular in nature with some 

blebbing or degeneration of the outer membrane, perhaps associated with the fixation 

treatment. In addition, some cells did not possess a definable nuclear structure suggesting 

that these were interphase cells with d i f i e  forms of chromatin. Dexrazoxane-treated 

cells were obviously larger in size with slightly more extensive morphologies. Although a 

few cells contained cytoplasmic hydrophobie vacuoles the increased ce11 size was clearly 



not attributable to osrnotic changes. In addition, some dexrazoxane-treated cells exhibited 

features of outer membrane blebbling and on occasion degeneration of  the entire cellular 

structure into bgments. 

When cells were viewed under an even higher magnification (3ûûûX) nuckar and 

cytoplasmic structures such as chromatin and organelles could be resolved (data not 

show).  Mitochondria and endoplasmic reticulum appeared normal in shape and size, and 

could be found g e n d l y  distributed about the nuctear region. In addition, nuclear lobes 

contained several nucleoli exhibiting various normal degrees of chromatin granularity or 

condensation. Overall, dexrazoxane-treated cells did not exhibit any of  the characteristic 

ultrastructurai features of apoptosis. Such features would have included margination of 

condensed chromatin to the periphery of the nucleus, accompanied by convolution of the 

nuclear membrane. Fwthennore, late-stage apoptotic cells would have possessed very 

large u n i f o d y  dense areas of wndensed chromatin, and possibly no identifiable 

cytoplasmic structures [46]. The ce11 death of some dexrazoxane-treated cells appeared to 

be instead consistent with necrosis, as characterized by uncontrolled ce11 swelling and the 

disruption of membrane integrity followed by ce11 lysis. 



Fig. 2.27. Transmission electron photomicrographs of suspension CHO celis exposed 
to dexrazoxane daily for 96 hr. CHO cells were fixed with glutaraldehyde, embedded in 
epoxy, sectioned, sbined with heavy rnetals, and analyzed for ultrastructural organization 
using transmission electron microscopy (800X). Control cells (A), were generally circular 
in nature, possessing a single nuclear structure. After 96 hr of dexrazoxane exposure (B), 
cells were noticably different in shape and size, and possessed multilobed nuclei. With 
respect to the single section nature of  this micrograph some individuai nuclear lobes may 
actually be adjoined through a separate sectioning. Measurement bar at the side is 
representative of  10 Fm. 



2.10 Three-dimensional examination of nuclear orgrnization in dexrazorane- 
treated CHO ceUs ushg confmal fluorescence microscopy 

2.10.1 Introduction 

Biological material is essentially organized into four dimensions: three spatial ones 

and one temporal one. With respect to resolution and cellular organization, confocal 

scanning microscopy clearly pemiits this information to be more accessible than 

conventional methods of microscopie analysis. With the best attriiutes of both light and 

electron microscopy, confocal scanning microscopy allows for the direct visualization of 

the three-dimensional structure of biological objects without the need for fixation or 

dehydration. With the use of a cornputer, stereoscopic images are collecteci in series using 

optical sectioning to create a three-dirnensionai array of the biological material. The main 

advantage over normal light rnicroscopy is its ability to generate a high quality of 

transverse resolution by e f f d v e l y  suppressing the contributions of out-of-focus areas in 

the specimen [47]. in the following section, dexrazoxane-treated CHO cells were stained 

for DNA and viewed using confocal scanning fluorescence microscopy in an effort to 

achieve improved resolution of the structure and orientation of the multiple nuclear lobes 

previously identified (Section 2.8). 



2.10.2 Materiais 

Cover glass slips (22x22 mm, no. 1, cat. No. 12-542B) were obtained fkom Fisher 

Scientific (Fairlawn, NJ, U.S.A.). Culture plates (100x20 mm, cat. No. 25020) were 

obtained fiom Coming Glass Works (Coming, N.Y., U.S.A.). Propidium iodide (cat. No. 

P-4170) and formddehyde (37% fornalin, cat. No. F-1635) were obtained fiom Sigma 

Chemical Co. (St. Louis, MO, U.S.A.). Dulbecw's phosphate buffered saline (PBS, cat. 

No. D-5652) was obtauied fkom Gibco-BRL, Life Technologies Inc. (Buriington, ON). 

2.10.3 Methods 

CHO cells were grown as adherent cultures on sterile 22x22 mm (no. 1) cover glass 

slips in 100x20 mm culture plates, seeded at 1 . 0 ~  10' ceIls/plate. Afier a 24 hr attachrnent 

period cells were treated twice at 0, 24 hr with 100 p M  dexrazoxane, followed by daily 

media replacement. Control cells were seeded 24 hr pnor to analysis. After 96 hr of 

dexrazoxane exposure both drugged and control cover slips were placed into individual 

50 rnL conical centrifuge tubes containing 10% (vk) formaldehyde prepared fiesh in PBS. 

These cover slips, containing cells were then sent to Dr. Victor Ferrans at NM, Bethesda, 

MD, U.S.A. where they were treated with h a s e  A and stained for DNA with propidiurn 

iodide. Samples were then exarnined by optical sectioning using confocal scanning 

fluorescence microscopy with excitation at 568 nm on a Leica TCS (Deefield, IL, U.S.A.) 

microscope equipped with an argon-krypton laser. 



In an effort to better visualize the multiple nuclear lobes generated in dexrazoxane- 

treated CHO cells with greater stereoscopic effectiveness confocal scanning fluorescence 

microscopy was used. The serial photomicrograph images displayed in Fig. 2.28 with 

respect to both control (upper panel) and 96 hr dexrazoxane-treated (bottom panei) cells 

clearly allowed for a three-dimensional visualization of the number of nuclear lobes 

present and their configuration about the cell, as a whole. As expected, control cells 

contained 1-2 nuclear lobes consistent with nomal mitotic ce11 cycling. After 96 hr of 

dexrazoxane exposure, CHO cells possessed multiple nuclear lobes oriented in a donut- 

shape pattern about the central region of the cell. Previous two-dimensional epi- 

fluorescence double staining for DNA and centromeres had suggested that multiple 

centrosomes pairs were coordinated in this central region of the cell (data not shown). 

These results acquired fkom thme-dimensional scanning clearly implies that the 

development and arrangement of multiple nuclear lobes in dexrazoxane-treated cells 

occurs in a concertai manner. 



Fig. 2.28. Confocal photomicrographs of adherent fluorescent-stained @NA) CHO 
ceUs treated with deuazoxane twice for 96 hr. Cells were fked with fonnalin, stained 
for DNA with propidium iodide, and irnaged in serial sections (1ûûûX) using confocal 
microscopy. Control, unexposed cells contained as expected, 1-2 nuclear lobes (top 
panel). After 96 hr of dexrazoxane exposure, cells possessed multiple nuclear lobes 
(bottom panel), arranged in a donut-shape orientation about the centrai region of the cell. 



2.1 1 Discussion 

2.1 1.1 MTT vs. ceii counting cytotoxicity anaiysis 

The cytotoxicity of dexrazoxane towards CHO and DZR cells as detennined by 

MTT and ce11 counting analysis is discwed in the following section. The cytotoxicity 

survival curves for CHO and DZR cells generated by either method of anal ysis resulted in 

nearly identical monophasic cwves (Fig. 2.2), and consequently ICso values which differed 

by -30% (Table 2.1). Although these slight discrepancies existed, the dexrazoxane 

resistance factor of DZR cells to CHO cells by either method were nearly the same; 430- 

fold resistant by MTT analysis and 47 1-fold resistant by ce11 counting analysis. This result 

suggests that either method of cytotoxicity analysis is equally reliable in accurately 

assessing the level of drug-resistance as compared to parental cells. 

The main principle of the M ï T  assay States that the level of formazan produced by 

the bioreûuction of M?T is directly proportional to the number of viable cells present [25]. 

However, a direct cornparison of the cytotoxicity profiles generated by MTT and ce11 

counting analysis for CHO cells revealed a slight discordance with this principle (Fig. 2.2). 

Although each curve appeared to be monophasic in nature the MTT cytotoxicity profile 

plateaued at about 30%, never dropping to near zero. Previous determinations have shown 

that for concentrations of dexrazoxane above 1 ûûû pM the cytotoxicity profile does in fact 

drop to near zero, creating a biphasic curve [22]. It is suspectai that the cytotoxicity at 

these high dexrazoxane concentrations for both CHO and DZR ce11 lines rnight be due to 

the depletion of fiee calcium or magnesium fkom the growth medium by ADR-925 1221. 

Although few CHO cells remained in culture afier 72 hr of exposure to high dexrazoxane 



concentrations (10-1000 PM) these cells are preswned to have possessed an increased 

capacity for reducing M m  to formazan, as revealed by the higher absorbance values seen 

in this region. Upon microscopie examination these cells were observeâ to be significantly 

larger than normal. It is likely that an increased mitochondrial reductase potential in these 

cells pennitted the same level of fonnazan production as would be a higher number of 

normal sized cells. As a result, the MTT cytotoxicity profile plateaued at higher 

dexrazoxane concentrations creating the illusion that ce11 kill was not as significant as the 

ce11 counting anaiysis had proven it to be. The pwth-inhibiting activity of agents similar 

to dexrazoxane which may induce such effects should therefore be evaiuated by MTT with 

caution due to the possible underestimation of its actual cytotoxic effects. 

When CHO ce11 growth inhibition by dexrazoxane was evaluated under conditions 

of periodic media~drug replacement (Fig. 2.3) the resulting ICSo values did not differ much 

from single exposure non-intervening trials (Table 2.1). This result suggests that an 

increased number of exposures does not necessarily increase the rate of cytotoxic ce11 

death, provided that others factors such as nutrience deprivation are eliminated as possible 

contributors. Additionally, this complements subsequent data which showed irrespective 

of the number of exposures ce11 viability gradually depreciated at the sarne rate (Fig. 2.7). 

The cytotoxicity profiles fiom al1 uiree dexrazoxane exposure protocols indicated in Fig. 

2.2a and Fig. 2.3 were generally the same. When daily exposure was accompanied by 

media replacement absorbance values were noticably higher than the other drugging 

regimens even though al1 plates were seeded with the sarne number of cells and the profile 

trends were generaily the same. This result presumably occurred due to the maintenance 



of optimal gmwth conditions with daily replacement of media which possibly allowed for 

a greater number of large cells to remain viable. 

2.1 1.2 Continuation of balanced growth in the absence of ceU division 

The cytotoxic effects of the bisdioxopiperazines have previously been examined 

both in vivo and in vitro in a variety of different ce11 types [ 13,15,17,48]. One of the most 

prominent observations in these and other studies is that the drug concentration and the 

length of exposure required to produce a inhibition of ce11 division andlor the desired 

cytotoxic effect varies with ce11 type. A single exposure to ICRF-159 has been shown to 

completely halt the division of such ce11 lines as CHO [18], BI6 melanoma 1493, and 

BHK-2 1 S [17]. In other cases, upon replacement with dmg-fiee media ce11 division is 

only transiently inhibited by ICRF-159 and such ce11 lines as EMT6 [19], lymphoma P3J 

1481, and HeLa [6] proceed to divide once again. 

These and other studies together suggest that in order to successfûlly inhibit the 

division of a given population, two important factors must be considered: (i) drug 

concentration; is it sufficient enough to adequately provide maximum topoisomerase II 

inhibition, andor (ii) the exposure protocol used; will it ensure that ce11 proliferation is not 

transiently inhibited. Normally under physiological conditions dexrazoxane undergoes a 

slow ring-opening hydrolysis [30,50) with a half-life of 9.3 hr such that after a 12 hr period 

fiom initial exposure 4 0 %  of the unhydrolyzed topoisomerase II-inhibitory form 1161 

rernains in the growth medium. With the knowledge that dexrazoxane effects cells cycling 

through the G2 phase [37,48] and that a typical ce11 population cycles in a non- 

synchronous manner it was important in the present study to choose a dexrazoxane 



concentration and exposure protocol that would ensure that evenniaily al1 cells in the 

population would be effected. 

A concentration of LOO p M  dexrazoxane was chosen combined with a dual (0, 24 

hr) or daily drugging protocol to ensure maximum inhibition of growth in al1 ce11 lines 

tested. Initial experiments with respect to CHO cells dernonstrateci that this concentration, 

which was 20 times greater than the median inhibitory concentration of 5.2 f 0.4 p M  (Fig. 

2.2) would sustain growth inhibition irrespective of the nurnber of exposures (Fig. 2.4). 

Therefore, given a CHO doubling time of -12-16 hr (Table 2.2) a dexrazoxane treatment 

protocol of at least two exposures (0,24 hr or daily) was presumed to establish a wndition 

of continual topoisomerase II inhibition whereby those cells not already in G2 phase would 

eventually be affectecl. In fact, other studies have similarly f o n d  that complete growth 

inhibition could be established either with daily media and drug changing as in the case of 

RPMI 8402 cells exposed to 50 p M  ICRF-154 or 10 p M  ICRF- 193 [15], or dmg exposure 

for twice the ce11 cycle time as in the case of P3J cells exposed to 37 p M  dexrazoxane [48]. 

As one of several explanations discussed herein, the propensity of a given ce11 

population to seemingly overcorne topoisomerase II inhibition and to continue to divide 

may be in part related to their inherent rate of proliferation. Rapidly growing ce11 

populations are commonly more sensitive to bnef exposures to ICRF- 159 or dexrazoxane 

than slower growing populations [48]. As a consequence, cytotoxicity is cornrnonly more 

pronounced in faster dividing populations [6,48]. Although ow results do not entirely 

agree with this theory, perhaps due to the concentration and type of topoisomerase II 

inhibitor used it is likely that 0th factors inherent to each particular ce11 line such as the 



level of topoisomerase II expression or activity [5 11 influence the degreee of cytotoxicity 

incurred irrespective of being fast or slow growing. 

In the present study, CHO wlls grown as adherent or suspension cultures and 

exposed to dexrazoxane twice (at 0,24 hr) or daily were completely inhibited fkom m e r  

ce11 division (Fig. 2.6 and 2.7). In a similar fashion, a normal slow growing population of 

primary heart fibroblast cells were also completely inhibited fiom fiutha division (Fig. 

2.8). Although ce11 division was clearly inhibited in both ce11 lines, the growth inhibitory 

effect of dexrazoxane was not distinctly apparent. Instead cells became progressively less 

viable only afier extended periods of exposure, suggesting that although topoisornerase II 

was being inhibited, key downstrearn events necessary for the initiation of cytodatniction 

were not readily occurring as quickly as citied in other ce11 lines [48]. Perhaps as well, the 

replenishment of nutrients with daily media changing may have contributed in part to the 

maintenance of a healthier population. 

Concomitant with the inhibition of ce11 division by dexrazoxane, CHO cells 

observabiy increased in size and shape taking on a variety of morphologies (Fig. 2.9). 

AAer 120 hr of exposure a wide distribution of CHO ce11 sizes were identified (Fig. 2.10) 

with the largest observed cells exhibiting diameters of 52 pm (Fig. 2.10b), and a mean 

population-wide ce11 volume which had increased 9-fold fkom the control (Table 2.4). In 

contrast, the marginal increase in heart fibroblast ce11 volume after 300 hr of dexrazoxane 

exposure was deemed insignificant, although ce11 division was similarly completely 

inhibited (Fig. 2.12 and 2.13). Alterations in morphology and ce11 size is not an 

uncornmon effect of the bisdioxopipemzines. Although similar features of ce11 

enlargement have been citied in BHK-21 S 152,531, B 16 melanoma cells [49], hamster 



fibrosarcoma T 17 cells [6], and RPMI 8402 human leukemic cells [ 1 51 exposed to ICRF- 

159 a key question to be considered is whether this fom of ce11 growth occurs in an 

unbalanced fashion. 

Exposure of proliferating cells to chemotherapeutic agents that interfere with DNA 

synthesis and arrest cells in the division cycle can result in a state of unbaianced ce11 

growth in which ce11 volume can become abnormally enlarged [54-561. In some instances 

this abnormal increase in ce11 size may simply signal an imrnediate response of tumor cells 

to therapy, wherby the wnsequential endpoint is ce11 death 1561. Unbalanceci growth is 

characterized by the disportionate synthesis of proteins, RNA and other macromolecules 

[55]  leading to the accumulation of ce11 mass 1541 and eventual hydrolytic ce11 death [55]. 

Upon analysis afler 120 hr of dexrazoxane exposure the mean protein and DNA content in 

CHO cells increased 5.4-fold and 3.8-fold respectively in a relatively linear fashion (Fig. 

2.16% b). Furthemore, as CHO ceil size increased without M e r  ce11 division the ratio of 

proteidDNA content fluctuated slightly and compared highly with control Ievels taken at 

the same time intervals (Fig. 2.16~). These results clearly suggest the continuation of a 

balanced form of growth, and lend some explanation to the maintenance of ce11 viability in 

absence of ce11 division. Sirnilar conclusions made in earlier studies of mwine leukemia 

L 12 10 [ 181 and mouse-embryo fibroblast cells [ 131 exposed to ICRF- 159 M e r  serve to 

cornplexnent our findings. 



2.1 1 3  Polyploiâhation through tôe inhibition of cytokinesis 

Ce11 cycle studies have indicated that the cytotoxicity of the bisdioxopiperazines is 

ce11 cycle phase dependent. Specificaily, ICRF-159 [18,48,57], dexrazoxane [37,48], and 

ICRF- 193 [ 151 have been proposed to effect cells cycling through G2 phase. As a result it 

is not unwmmon to identify cells presumably arrested in a G2/M state, or cycling on 

to wards higher ploid y levels as ce11 size inmeases concomitant1 y 16,521. An accumulation 

of cells with a tetraploid (8N) content of DNA have been identifid in BHK-2 1 S [ 171, 

murine leukemia L 1 2 1 0, and Friend leukernia cells [ 1 81 treated with razoxane (ICRF- f 59), 

and in P3.J [48], mutine sarcoma SI80 [58], and human ovarian carcinoma A2780 cells 

[37] treated with dexrazoxane. in each of these cases due to a constrained and limited 

linear scale analysis of DNA fluorescence, and/or a shorter duration of exposure, the 

highest observed ploidy levels fell short of those levels detected herein. 

CHO cells exposed to dexrazoxane were found to increase in ce11 size, continue to 

cycle, and undergo further DNA synthesis without ce11 division attaining ploidy levels 

ranging tiom 2N to 64N (Fig. 2.19 and 2.20). By using back-gating analysis a direct 

correlation was made between increasing DNA ploidy level and increasing ceIl size (Fig. 

2.2 1). The identification of ploidy levels as high as 64N after an extended period of 

dexrazoxane exposure indicates that in CHO cells the cataiytic inhibition of topoisornerase 

II does not per se result in a complete ce11 cycle arrest. While these results do not indicate 

a clear selective depletion of GO/G 1 cells for a single high ploidy level there does appear to 

be a progressive inhibition towards fürther cycling. Some cells presumably became held 

up fiom M e r  synthesizing DNA while others were pennitted to cycle on towards even 

higher ploidy levels (Table 2.1 1). Another, perhaps complementary explanation would 



suggest that some dexnizoxane-induced polyploid CHO cells were able to segregate their 

entangled chromsomes enough to permit division. This possibility is not totally without 

reason given that a razoxane-induced mutant polyploid (6-12N) EMT6 mouse tumor ce11 

line has been previously established, able to stably divide [19]. Contrary to the trend 

identi fied in dexrazoxane-treated CHO cells, primary heart fibroblasts cells exposed to 

dexrazoxane were found to accumulate in GUM phase, suggesting a ce11 cycle phase- 

specific blockage. This determination was amved at due to the clear depletion of S phase 

cells after 326 hr of exposure, complemented by the accumulation of 4N cells in G2/M, 

and a small fraction of cells with tetraploid (8N) DNA content (Fig. 2.23). 

A key factor which may serve to define the d i f f i n g  propensities of ce11 Iines 

towards polyploidization is the fidelity of the topoiosrnerase II-dependent G2 cycle 

checkpoint control mechanism. Different dmgs have been citied to induce, in susceptible 

mammalian ce11 populations an accumulation of cells at a nwnber of distinct stages in the 

G2 phase of the ce11 cycle [59]. in part, the G2 checkpoint system is sensitive to the 

decatenation activity of topoisomerase II [60] or the catenation state of DNA [20,5 1,601. 

Additionally, a G2 mest can be induced by any number of ceMar responses to DNA 

damage, such as the phosphorylation state of topisomerase II [51] and/or p34cdc2 cyclin- 

dependent kinase [4,61] which when inactivated delays entry into mitosis until the cellular 

repair of DNA lesions has been completed [61]. 

Based on the above statements, the degree of resistance towards a G2/M ce11 cycle 

arrest may also contribute towards the competency of firther cychg  in the midst of 

topoisomerase II inhibition. While it may seem that a number of ce11 lines may not possess 

a G2 phase checkpoint system, as evidenced by continued DNA synthesis in the absence of 



ce11 division it remains possible that this checkpoint may in part be most sensitive to the 

direct induction of DNA darnage, rather than the tùnctionality of topoisornerase II [3]. 

Agents such as tenipside [3], etoposide [61], and doxorubicin [58] which stabilize the 

cleavable topoisomerase II-DNA complex may be more apt to induce a wmplete G2 ce11 

cycle blockage [3] due to the rapid formation of DNA strand breaks and inhibition of 

p34cdc2 kinase activity rather than through the inhibition of topoisomerase II per se [6 1,621. 

The bisdioxopiperazïnes, which inhibit the catalytic activity of topoisomerase II without 

the formation of the cleavable complex [15,16] have been citied to induce ternporary 

[ 18,481, or progressive/cumulative GZM phase arrests at successive ploidy levels [37,48] 

as well as delayed p34Ede2 kinase inactivation [8] in a dose and ceIl line dependent manner. 

As first suggested with respect to ICRF- 159 treated BHK-2 1 S cells [17], and more recently 

with ICRF- 154 and ICW- 193 treated RPMI 8402 cells [ 1 51 the induction of polyploid 

cells may be more reflective of abnoxmal mitosis rather than any form of G2 arrest, 

transienf progressive or othenvise. This form of ce11 cycle progression entails a slow 

progression through G2 to Gl  via an abnormal mitosis with immatwely condensed 

chromosomes [3,15] and the inhibition of chromatid segregation through anaphase 

[3,20,63]. Therefore, the propensity for M e r  ce11 cycling and DNA synthesis may in 

part be dependent on the ability of a ce11 line to transverse an abnormal mitosis established 

by dexrazoxane-induced topoisomerase II inhibition. 

Another critical factor that detemines the outcorne of drug treatment once drug- 

target interaction has been achieved is the stability of cells while repair is underway and 

the fidelity of the p53-dependent G1 checkpoint wntrol mechanism [4]. In the case of 

DNA damage the tumor suppressor gene p53 acts as a checkpoint at the end of the G1 



phase to inhibit ce11 cycle progression and allow the cells to either activate pathways 

involveci in repair for survival, and/or engage enzymatic machinery that result in apoptosis 

[46,64]. Other ce11 systems which lack or possess mutant foms of p53 exhibit a deficiency 

in the G1-checkpoint control. In the case of undetected DNA damage these cells have an 

increased tendency to undergo S phase DNA synthesis before becoming arrested in G2 [4]. 

With respect to CHO cells, it remains a possibility that an absent p53-dependent G1 

checkpoint may have assisted continued ce11 cycling upon dexrazoxane exposure. 

Despite the fact that dexrazoxane inhibits topoisomerase II without stablizing the 

cleavable topoisomerase II-DNA complex [15], it is interesthg to ponder whether through 

bona fide endonuclease cleavage that DNA was at al1 damaged in CHO cells. If so, then 

the possibly rernains, as in the case of cleavable complex fonning topoisomerase II 

inhibitors that detectable DNA damage by Gl  or G2 checkpoint mechanisrns rnay îrigger 

the initiation of apoptotic pathways [4,46,64]. Although the ability of the 

bisdioxopiperazines to induce apoptosis has not been well characterized, it has been 

identified in non-proliferative murine thymocytes exposed to ICRF-154 [65], and in 

dexrazoxane-treated human leukemic CEM [66], and K562 cells (Section 3 S). AAer an 

extended period of dexrazoxane exposure, CHO cells did not exhibit some of the 

previously characterized features of apoptosis [4 1,42,46]. Bivariate flow cytometry 

analysis did not reveal diminished stainability for DNA, or decreased fonvard and nght 

angle light scattering properties (Fig. 2.21), which would have been consistent with the 

sub-diploid DNA content of apoptotic bodies; morphoiogical and staining analysis of 

chromatin patterns by fluorescence microscopy did not reveal apoptotic features (Fig. 

2.26); and electron microscopy fiirtherrnore confimed the absence of apoptotic features, 



such as large uniformly condensed areas of chromatin (Fig. 2.27). Aithough some 

uncontrolled, necrotic ceIl death was detected using fluorescence microscopy (Fig. 2.26 

and 2.27), this does not necessarily preclude that higher dexrazoxane concentrations would 

lead only to necrotic ce11 death [Ml. These results suggest that dexrazoxane-induced 

cytotoxicity in CHO cells may not necessarily be due to the induction of apoptosis, but 

rather other means of cytodestruction linked directly or indirectly to the non-cleavable 

complex form of topoisornerase II inhibition. With respect to this presurnption Kung et al. 

1671 was able to dernonstrate in CHO cells that the cytotoxicity of ce11 cycle phase specific 

agents, aphidicolin and vincristine was not attributable to their direct biochemical action. 

Instead, as may be the case upon dexrazoxane exposure ce11 death was evoked by the 

dissociation of normally coupled or integrated ce11 cycle events such as replicativehnitotic 

events or cytokinetic/nuclear refomation events. 

Although dexrazoxane-treated CHO cells did not exhibit features characteristic of 

apoptosis a detailed examination of morphology using fluorescence microscopy revealed 

several changes which complernented earlier studies [3,6,15]. Exposure of CHO cells to 

dexrazoxane resulted in the appearance of cells with multilobed nuclei (Fig. 2.24b) which 

complements the variable ploidy content at these tirne intervals. Confocal fluorescent 

microscopy later confimed the concentric orientation of these structures about the ce11 

(Fig. 2.28). Gamma tubulin fluorescent staining of centrosomes revealed a greater nwnber 

of centrosomes in dexrazoxane-treated CHO cells (Fig. 2.24e), thus clearly indicating that 

cells were continuing to cycle and becoming polyploid in the absence of cytokinesis. 

Cytoskeletal components (F-actin, and microtubules) extensively encompassed these 

enlarged cells and generall y appeared structural1 y normal Vig. 2.24c, d). Furthemore, 



upon dexrazoxane exposure organelles such as mitochondria, endoplasmic reticulum, and 

golgi apparatus were apparently greater in number (Fig. 2.25) but generally appeared 

normal, as similarly seen in ICRF- 159 treated hamster fibrosarcoma T 17 cells [6]. 

The terms multilobed nuclei [15] and multinucleation (6,151 have been used 

interchangeably to define the morphological appearance of fluorescently-labelled DNA in 

cells treated with the bisdioxopiperazines. However, while one definition implies one 

nuclei with several iobes and the other implies multiple individuai nuclei it remains clear 

that they appear to be linked by nuclear threads or bridges of  chromatin [6,15,18]. It is 

possible that this contact maintained between the daughter nuclei does not allow for their 

separation and thus leads to the inhibition of cytokinesis [la]. Ishida et al. [8] has 

previously demonstrated that ICRF-193 does not block the reassembly of the nuclear 

envelope in HeLa cells during telophase. As nuclear envelopes formed around the 

periphery of fùsed, unsegregated chromosomes that were incompletely decondensed this 

prompted the formation of multilobed nuclei [8]. 

As previously mentioned, in yeast topoisomerase mutants the activity of 

topoisomerase II can be complemented by that of topoisomerase 1 in controlling torsional 

strain accurnulated dwing DNA replication and transcription. However, topoisomerase II 

plays an essential role during mitosis acting to anchor and organize chromatin, as well as 

decatenating DNA necessary for chromosome condensation and segregation [5 1,68,69]. 

Upon the inactivation of topoisomerase II by bisdioxopiperazine analogs, polyploid cells 

c m  develop as other rnitotic events, uncoupled from chromosome dynamics proceed 

normally [a]. Such cellular processes, which are triggered by the activation of p34cdc2 

kinase include the disassernbly and reassembly of nuclear membrane envelopes and 



spindle apparatus formation [3,8,15,70]. Additiondy, aberrantly occurrïng cytokinesis 

has beem citied in HeLa and PtK2 cells treated with ICRF-193 [20j. 

Previous studies have shown through detailed cytological analysis that in the 

presence of ICRF- 193 [8,15,20,63], ICRF- 159, and dexrazoxane [3] cells continue to 

transverse the ceIl cycle synthesizing DNA and becoming polyploid in the absence of a G2 

arrest and cytokinesis. Cells progress slow1 y fiom G2 to G 1 via an abnormal rnitosis phase 

generally characterized by the inhibition of late stage chromosome condensation, 

segregation, as well as delayed decondensation [a, 1 51. Earlier reports seemed to suggest 

that topoisomerase II inhibition caused a mitotic delay only during anaphase through the 

prevention of chromatid segregation [20]. While this remains valid, due to an inability to 

completely segregate entangled masses of elongated chromosomes during anaphase, it is 

believed as well that a mitotic checkpoint exists wîthin metaphase to delay the transition to 

anaphase [3,63,70]. Although inhibitors of microtubule formation have been shown to 

delay metaphase progression through the improper attachment of kinetochore spindles to 

chromosomes [63], alternative explanations have suggested that this checkpoint detects the 

alignment of centromeres at the metaphasic plate [3]. However, the observeci elhination 

of high concentrations of topoisomerase II at the centromeres in dexrazoxane-treated Ptkl 

epithelial cells [3] did not necessary inhibit centromere alignment during metaphase. 

Overall, these findhgs tend to suggest that topoisomerase II activity is not essential for 

metaphase centromere alignment, the initiation of centromere separation during anaphase, 

or continued ce11 cycling although it is required for the proper organization and the 

complete separation of  centromeric chromatid arms at the onset of anaphase [3,20]. 



Normally, mitosis and cytokinesis are coordinated both temporally and spatially, 

such that upon the completion of mitosis a cleavage furrow bis- the ceIl at the equatorial 

plane between the spindle poles, comesponding to the prior location of the metaphasic 

plate. Contrary to the conventional mode1 in which the location of the centrosomes 

dictates the plane of cleavage, Wheatley et al. [7 1 ] have demonstrated that in dexrazoxane- 

treated normal rat kidney (MUS) epithelial cells cleavage activity is detennined by the 

organization of the chromosomes and midzone microtubules. Specifically, microtubules 

ernanating laterally fiom the region of tangled chromosomes act as a vehicle for 

chromosome-mediated signalling to the ce11 cortex to initiate cytokinesis at these sites. 

Although cytokinesis was completed 40% of the t h e ,  the position of the cleavage tùrrow 

deviated f?om the equator, thus producing distorteâ h o w s  and irregular shaped daughter 

cells [7 1 1. This result was similarly seen in dexrazoxane and ICRF- 1 59 treated Ptk 1 cells 

in which cytokinesis proceeded upon unequal, random partitioning of chromatin into 

daughter cells [3]. 

With respect to dexrazoxane-treated CHO cells, cytokinesis appeared to be 

completely inhibited, as judged by the unchanging ce11 numbers (Fig. 2.7), and the 

appearance of polyploid (Fig. 2.19), multinucleated cells (Fig. 2.24b). However, as 

detected by fluorescence microscopy upon anti-acetylated a-tubulin staining a few 

enlarged cells were present in the process of cytokinesis possessing distorted cleavage 

furrows (data not shown). While this may have been true of only a few cells, it would 

seem that the majority of the population continued to cycle in the absence of any division 

as detemùned by the multiple number of spindle poles (centrosomes) identified within 

each ce11 (Fig. 2.24e). The shortened distance between the centrosomes rnay have clearly 



affected cytokinesis due to the inhibition of spindle elongation. in addition, as noted by 

Wheatley et al. [71] and proposed herein, the absence of any concerted contraction of 

F-actin dong the equatorial plane may have prevented the proper progression of the 

cleavage furrow in dexrazoxane-treated cells. 

In conclusion, the results of this study show that the topoisomerase II catalytic 

inhibitor dexrazoxane, which is unable to directly induce DNA strand breaks is capable of 

permitting continuai ce11 cycling without cell division, thus implying a complementary 

role of topoisomerase 1 during non-essential processes. The propensity for further ce11 

cycling onto higher ploidy levels is clearly ce11 Iine specific. Inherent factors such as 

proliferation rate, expression level or activity of topoisomerase II, ability to segregate 

chromosomes, the fidelity of checkpoint controls, as well as susceptibility to apoptosis 

may al1 dictate the extent of polyploidization or cytotoxicity incurred. The use of a 

dexrazoxane-resistant CHO cell line (DZR) [22], possessing a Thr48Ile mutation at the 

dimer interface of topoisomerase II [23] served as a negative control for most characterized 

features present in dexrazoxane-treated parental CHO cells. The absence of any alteration 

in growth (Fig. 2.7), morphology (Fig. 2.9c, d), protein and DNA content (Fig. 2.16), or 

ce11 cycling (Fig. 2.22) upon exposure of DZR cells to dexrazoxane M e r  confirmeci, as 

previously believed that the catalytic inhibition of topoisomerase II was the key source of 

the above mentioned ce11 cycle perturbations in other ce11 lines. Although normal primary 

heart fibroblasts were completely inhibited by dexrazoxane in vitro it remains unclear how 

these or other mortal, non-neoplastic ce11 types will behave in vivo upon extensive, 

continuous exposure to dexrazoxane and whether their recovery can be permitted through 

intermittent dosing. Further studies may determine if the cumulative cytostatic effect of 



dexrazoxane serves any rational for the design of anti-tumor chernotherapeutic regimens or 

whether it at al1 creates complications in its current clinical usage. 
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Chapter 3 Induction of Mferentiation and apoptosis in KS62 human 
erythroleukemic cens by dexrazoxane and other topoisomerase II 
inhibitors 

3.1 Introduction 

3.1.1 Blood cell formation by pluripotent stem ceiis 

The development and sunival of an individual, fkom the fetal stage onward 

depends on the wntinual regeneration of different types of blood cells by a process known 

as hematopoiesis. These cells are responsible for a variety of functions (Table 3.1), 

whereby they necessitate cellular interactions for the cognitive and activation phases of 

specific immune responses within the vascular system or at other distant sites [l]. The 

generation of ail blood cells occurs remarkably fkom a wmmon self-renewing stem ce11 in 

the bone marrow. This hematopoietic stem ce11 is therefore pluripotent, giving rise to 

many different types of terminally differentiated blood cells, i.e. erythroid, 

megakaryocytic, granulocytic, monocytic, and lymphocytic (Fig. 3.1). In this scheme of 

hematopoiesis, the pluripotent stem cells may divide infiequently to generate more stem 

cells or committed progenitor cells when then divide rapidly for a limited nurnber of 

amplification divisions. Depending on the nature of the immune response, these 

commi tted progeni tor cells irreversibl y mature towards speci fic tenninall y di fferentiated 

cell types, which usually divide no further and die a h  several days or weeks. Proteins 

that regulate ce11 death, multiplication, and differentiation of the different hematopoietic 

cell lineages are cailed cytokines. Many of these cytokines are also known as wlony- 

stimulating factors (CSFs) or interleukins (ILS). Essentiall y, a mu 1 tigene farnily or 



network of interacting cytokines exist, some with overlapping functions that provides 

flexibility with respect to the part of the network activated, as well as allowing for the 

amplification of responsive precursor ceHs to a particular stimulus f 21. Abnormaii ties in 

this normal development program for biood ce11 formation can occasionally result in 

hernatological diseases such as leukemia [2]. Such abnorrnalities may entail genetic 

changes that uncouple the normal balance in hematopoietic ce11 multiplication and 

differentiation. The result is too many growing cells concurrent with differentiating cells 

blocked at some step in the maturation process which prevent them fiom reaching the 

nomal end-point which ultimately is ce11 death [3]. In view of such occurrences, new 

approaches towards the clinical therapeutic use of cytokines and other compounds have 

currently off& a means of suppressing such malignancies and bypassing genetic defects 

in certain leukemic ceIl types by the induction of differentiation [3]. 

Table 3.1. Typical blood ceiis and their functions. (Adapted fiom Cl]) 
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Fig. 3.1. Maturation of blood cells: the hematopoietic "tree". The maturation of 
different lineages of blood cells is regulated by various cytokines. CFU, colony forming 
unit; IL, interleukin; GM-CSF, granulocyte-macrophage w lony-stimulating factor. 
(Adapted fiom [l]). 



3.1.2 KS62 human leukemic cells: A mode1 system for studying tbe induction of 
differentiation and apoptosis 

A number of different hematopoietic human and rodent ce11 lines have been 

established for the purpose of stud ying the mechanisms regdating di fferentiation and 

maturation with respect to leukemia [4]. The development of permanent leukemic ce11 

lines able to undergo a series of diffefentiation events in the presence of a variety of 

inducing agents has not only increased our understanding of hematopoiesis and leukemia 

but also assisteci in providing new approaches towards tfierapeutic treatrnent of such 

hematological diseases. One such imrnortal ce11 line known as K562, has been cited to 

serve a number of applications and usefülness in relation to such studies 151. 

The K562 ce11 line was established by Lozzio and Lozzio [6] tkom the pleural 

efision of a 53-year-old female with chronic myelogenous leukemia (CML) in terminal 

blast crisis, a disease characterized by the progressive accumulation of myeloid cells in the 

peripheral blood and bone marrow [7]. initially, K562 cells were considered highly 

undifferentiated myeloid cells of the granulocytic series [5] with a leukemic ongin 

confirmeci by their retention of a charactenstic CML cytogenetic marker, the Philadelphia 

(ph' +) chromosome [8]. Although Lozzio and Louio maintain that K562 represents a 

primitive ce11 of  the myeloid lineage, other studies have f i d y  established the presence 

and biosynthesis of g l y c o p h o ~  A, hemoglobin, and spectrh, al1 well known markers of 

an erythroid lineage [9,10]. In addition, several laboratories have shown that K562 cells 

c m  be induced to express erythroid, granulocytic, monocytic, and megakaryocytic antigens 

to varying degrees and possibly concurrently, depending upon the inducer [ 1 1 - 1 31. Studies 

such as these have led to the conclusion that despite its malignant origin, the K562 ce11 line 

retains some capacity for the expression of alternative prograrns of differentiation, a 



characteristic of a mu1 tipotent hematopoietic stem ce11 [ 1 2,141. Normal hematopoietic 

differentiation would involve a stem ce11 losing its multipotentiality in the process of 

cornmitment towards the expression of genes of a particular lineage. The KS62 ce11 line on 

the other hand does not follow an orderly differentiation program in that they rnay 

simultaneously express markers of more than one lineage, unlike what is observed in 

nomal bone marrow cells 11 1,121. This concept of lineage infidelity may be a nomai 

feature of early progenitor cells, whereby they may express a variety of markers specific 

for each of the lineages within the stem ce11 repertoire. As differentiation is induced, 

lineage-specific features are amplified while repressing the imrnunophenotype expression 

of other lineages [Il]. 

The existence of a leukemic ce11 line with the capacity for the expression of 

multilineage markers is not without a rationale theory. One hypothesis suggests that since 

chronic myeloid leukernia is a clona1 disease of a pluripotent stem ce11 that some degree of 

mulitpotentiality together with gene dysregulation, led to the expression of multilineage 

markers in what became the K562 ce11 line [14]. Another possibility is that the phenotype 

of K562 cells could also be observed during normal ontogenesis [14]. Clearly though, the 

establishment of a continuous leukemic ce11 line, like KS62, with multilineage 

differentiation capacities has made it possible to fùrther study mechanisms of normal and 

abnormal hematopoiesis, while at the same time in a clinical sense attempt to generate new 

means of inducing remission in leukemic patients expressing similar features of lineage 

infidelity. One aspect of the following study, which will be explained further was to 

investigate the existence of a relationship between the induction of erythroid and 

megakaryocytic lineages in K562 cells. 



As alluded to earlier, in hematopoietic tissues the survival of progenitor cells and 

the turnover of terminally differentiated cells is controlled by an implemented controlled 

program of ce11 death. This process, commonly known as apoptosis is a genetically 

regulated process that can be induced by a variety of extrinsic or intrinsic signals. Such 

stimuli include signaling via surface receptors, radiation therapy, deprivation of hormonal 

and other growth factors, and treatment with DNA-damaging agents or inhibitors of 

macromolecular synthesis which accordingly activate an internally encoded suicide 

program via a cascade of cellular events [ 151. Apoptotic ce11 death is characterized by 

plasma membrane blebbing, ce11 volume loss, nuclear condensation, and endonucieol ytic 

degradation of DNA at nucleosomal intervals [ 1 61. 

The efficacy of current antineoplastic therapy is detemineci by a sequential cascade 

of events including drug delivery, drug-target interaction, induction of cellular damage, 

and the response of the ce11 to that damage (death or repair). Clinically, most leukernias 

exhibit parallel sensitivity or cross-resistance to most cytotoxic anticancer agents, despite 

their differing mechanisms of action. Although the cause of treatment failure in most 

leukemias remains unclear, emerging evidence has demonstrated that the apparent 

resistance to apoptotic induction by anticancer drugs is probably a fiuiction of multiple 

signals that influence apoptosis [17]. In addition to its differentiation capacities, the K562 

ce11 line derived from a patient with CML exhibits such anti-apoptotic attributes, making it 

an ideal in vitro mode1 system for the testing of new therapeutic treatment strategies. 

The existence of the Philadelphia (ph1) chromosome (22q3 in K562 cells and most 

CML patients is perhaps the most prominent at?ribute of these cells which wntributes to 

their enhanced survival potential during antileukernic chemotherapy treatment. 



S peci ficall y, the Philadelphia chromosome resul ts fiom a reciprocai translocation between 

chromosome 9 and 22. The breakpoint on chromosome 22 where the c-abl gene of 

chromosome 9 is inserted is known as the breakpoint cluster region (bcr). This 

translocation produces the bcr-ab1 fhion gene and the constitutive expression of the BCR- 

A B i  tyrosine kinase which transduces signals to suppress apoptosis [7,18]. Consequently, 

the K562 ce11 line can be used to test its susceptibility to apoptosis by various agents and 

therapeutic dmgs for the pwpose of the development of an ideal effective treatment 

strategy for CML and other leukemias. Moreover, it may be desirable to aim the design of 

future treatment therapies at the activity of anti-apoptotic genes such as ber-ab/, rather than 

further attempting to inhibit the activity of genes which promote apoptosis. 

Erythropoiesis as it normally occurs over the entire lifespan of an individual results 

in the foxmation of erythrocytes, commonly known as red blood cells (RBCs). These cells, 

which are transported via the bloodstream function in the exchange of O2 for COz at sites 

of tissue respiration. Progenitor stem cells are committed to erythrocyte-specific 

differentiation in response to the hormone glycoprotein erythropoietin, and to a lesser 

extent IL-3. Over the course of this process the developing red blood ce11 (erythroblast) 

extrudes its nucleus to become an immature erythrocyte (reticulocyte) shortly before 

leaving the bone marrow and entering into circulation. Maturation of erythrocytes then 

continues to a terminal point with the furttier loss of mitochondria, ribosomes, endoplasmic 

reticulurn, and proliferative capacity. In their final mature state red blood cells produce 

and express specific surface membrane proteins such as glycophonn A, a membrane 



sialoglycoprotein, and to a much greater extent an oligomeric protein known as 

hernoglobin (Hb). In adults hemoglobin is composed of 4 globin polypeptide chains (a$*) 

in a tetrahedral ferrous photoporphyrin arrangement around 4 heme prosthetic groups [ 191. 

3.1.4 Induction of KS62 erythroid-üke difterentiation 

The study of the regdation of hurnan erythropoiesis and hemoglobin synthesis at 

di fferent stages of development has been hampered by the lack of easiiy accessible self- 

sustaining populations of primitive erythropoietic stem cells [SI. The need for such a ce11 

line has been further exernplified by the fact that harvested erythroid precursor cells can 

only be maintained in culture for short periods of time before they are committed to 

terminal differentiation. The K562 ce11 line has since provided valuable potentiai for 

studying the dynarnics of erythropoiesis and hemoglobin switching, representative in 

humans. Andersson er al. [ l  O] was the first to demonstrate that K562 cells synthesize 

glycophorin A, as well as hemoglobin aAer induction with sodium butyrate [20]. 

Subsequently, others have shown that uninduced K562 cells possess fetal (am) and 

embryonic ( 5 2 ~ ~  or &y2) globin chains, and globin mRNAs [2 11 which accumulate in these 

forms upon exposure to hemin or sodium butyrate [ 1 9,2 1-25]. 

During ontogeny hemoglobin synthesis normally proceeds fiom an embryonic 

pattern through a period of fetal hemoglobin production until adult hemoglobin (a2P2)  

synthesis is established. Although analysis of many K562 subclones have s h o w  a great 

heterogeneity in hernoglobin synthesis patterns, no evidence of  a complete switch to adult 

hemoglobin has been seen. It remains unclear exactly why K562 cells should synthesize 

embryonic hemoglobin when the cells were obtained tiom an adult patient. The current 



postulation was that normal cells determinant for ernbryonic erythropoiesis laid dormant 

and were more susceptible for leukemogenesis over normal adult stem cells, and that it was 

fiorn these extrexnely immature stem cells that the K562 ce11 line was likely derived [23]. 

Although key erythroid features are expressed in K562 cells upon induction, 

differentiation neither seerns to be complete or nomal. Differentiated K562 cells lack the 

typical morphology, AB0 and Rh antigens normally present in mature proerythroblasts 

[8,2 13. Wide distributional differences in globin gene and glymphotin A expression in 

uninduceci K562 cells is reflective of unequal expression within the population, and it is 

possible that only a proportion of cells may actually be participating in the erythropoietic 

process 18,261. Although K562 cells undergo a seerningly partiai erythroid differentiation 

this does not preclude their importance to the fùrther study of erythropoiesis and 

hemoglobin switching. 

3.1.5 Megakaryocytopoiesis 

Megakaryocytes are unique bone marrow cells by virtue of their large size, ranging 

in diameter from 10 - 60 Pm, and by their rarïty, comprising only 0.02 - 0.05% of al1 

marrow cells [27]. These cells are fùrther charactenzed by highly defZned invaginated 

membranes (demarcation membranes), in addition to possessing a large, multilobular 

nucleus containing several multiples of the normal 2N complernent of DNA ranging fiom 

8-64N, and membrane proteins necessary for the production of platelets [28,29]. Primarily 

found in the bone marrow and in the lungs, megakaryocytes result in the fonnation of 

platelets by the extension of attenuated cytoplasmic processes (pseudopodiae) through 

holes in the endothelial sinus wall lining, which pinch off at various lengths and are swept 



away in the blood as putative platelets [30,3 11. The nurnber of platelets produced fiom a 

typical megakaryocyte can be on the order of 10,000 whereby megakaryocytes of higher 

ploidy result in the formation of a greater number of large platelets that are hyper-reactive 

with respect to hemostatic efficacy [28,30]. 

Platelets have important physiological bc t i ons  in hemostasis, blood coagulation, 

and the maintenance of vascular integrity. In addition, platelets participate physiologically 

in the heaiing repair of tissue injury, by the release of factors which favor the formation of 

connective tissue. Located in regions called a-granules these factors include platelet 

derived growth factor (PDGF), and transforming growth factor pl  (TGFj31) [32]. Due to 

the heterogenity of platelet size, density, and reactivity they also are involved 

pathologically in atherosclerotic elements of ischaemic ha r t  disease [33]. Although 

originating fiom polyploid megakaryocytes, platelets are essentially devoid of DNA, and 

possess a negligible capacity for protein synthesis [33]. 

Megakaryocytopoiesis is the cellular developmental process prior to the release of 

platelets into circulation. Upon cornmitment, small mononuclear megakaryocyte precursor 

cells are amplified by multiple rounds of mitosis followed by a gradua1 loss of the capacity 

for proliferation as these cells then begin a process of endomitosis and endoreduplication 

in the absence of ce11 division. Pleiotropic cytokines such as thrombopoietin, IL-3, M- 

CSF, IL-6, and M-CSF control the growth, survival and maturation of these cells which 

will eventually produce platelets [29]. In their final state, mature megakaryocyte cells are 

significantly larger in size, possess increased DNA ploidy and cytoplasmic granulation 

[34,35], and express platelet specific proteins such as platelet peroxidase (PPO), and 

gl ycoproteins Ib (CD42b), and IlbAIIa (CD4 1 ) [33,36]. The heterodimer gpIIbfilIa 



belongs to the receptor family of integrins and participates it the specific binding of 

fibrinogen, fibronectin, and vitronectin thus facilitahg platelet aggregation [33,36]. 

3.1.6 Induction of KS62 megakaryocyte-like dinereotiation 

Mechanisms regulating megakaryocyte development have not been fùlly elucidated 

in part because of the technicd difficulty in isolating sarnples, as well as due to the rarity 

of these cells in the marrow. in an effort to circumvent these problerns, various human 

leukernic ce11 lines such as HEL and LAMA-84 [37] have been established as ideal models 

for studying the induction of megakaryocyte characteristics. Cornparably, the K562 ce11 

line has also been observed to possess and accumulate megakaryocyte properties, aside 

fiom its obvious inducible erythroid-like characteristics. Vainchenker et al. [38] was the 

first to demonstrate on an ultrastructural level that -1-2% of K562 cells possessed 

peroxidase activity in the nuclear envelope and rough endoplasmic reticulum, consistent 

with platelets and megakaryocytes and that the number of positive cells increased to 30% 

upon exposure to sodium butyrate. Gewirtz et al. [39] later reported that -35% of K562 

cells constitutively express platelet glycoprotein, and Tetteroo et al. [40] further showed 

that the expression of platelet gpIIIa is strongly enhanceci on the surface of K.562 cells 

upon treatment with phorbol esters such as: 12-O-tetradecanoylphorbol- 13-acetate (TPA) 

[30], phorbol- 12,13-dibutyrate (PDBu) [4 11, and phorbol- 12-myristate- 13-acetate (PMA) 

1421. These agents reportedly activate protein kinase C and consequently regulate the 

phosphorylation status of many proteins and enzymes, including topoisornerase II [43]. It 

is interesting to note as weIl that concomitant with the appearance of megakaryocytic 

markers, the expression of the erythroid limage specific glycophorin A has been reported 



to be down-regulated [32]. However, in the reverse scenario with the induction of 

erythroid diffmtiation by hemin, no modification of constitutive megakaryocyte markers 

has been seen [14]. Observations such as these, of the CO-expression of erythroid and 

megakaryocytic markers M e r  suggest the complex potentiall y of the K562 ce11 line, and 

its inability to diverge solely towards a single lineage upon induction. 

3.1.7 DNA topoisomerase II in ceU differentiation and apoptosis 

The development and homeostatic maintenance of many hernatopoietic cells is 

regulated by a number of fhdamental processes that include stem ce11 renewal, 

differentiation, and ce11 death [ 15,4 1 1. Partial differentiation of various human and rodent 

leukernic ce11 lines have been found to be induced by a nwnber of known topoisomerase II 

inhibitors 13,44491. These include doxorubicin, amsacrine, aclarubicin, etoposide, 

teniposide, novobiocin, mitoxantrone, suramin, and ICRF- 193 [3]. in addition, the action 

of other known differentiation-inducing dmgs such as phorbol esters, have been shown to 

be associated with an eventual decrease in topoisomerase II activity with an increase 

phosphorylation [46,50,5 1 j, and in the case of retinoic acid, an increase in protein- 

associated DNA strand breaks [52]. Consequentl y, induced di fferentiation of many 

leukernic ce11 lines may be coupled with ce11 cycle arrest andior terrninally result in 

prograrnmed ce11 death [3,15]. Following topoisomerase II inhibition the commitment of a 

ce11 line to apoptosis depends on such critical elernents as the intensity of treatment, the 

induction of cleavable complexes or othenivise incwed DNA darnage, the stage of 

differentiation, and/or the ce11 type. Al1 of these factors influence how rapidly leukernic 



cells are committed to either of these processes, or whether ce11 cycle arrest simpiy occurs 

(Fig. 3.3) 1531. 

Fig. 3.2. Pathways of celi commitment upon topoisomerase inhibition, 
(Adapted fiom f 1491). 

DNA 
lamage 

The catalytic activity of topoisomerase II can be inhibited by many of the above 

mentioned poisons at any stage in the ce11 cycle. Ln fact, the clinical action of most of 

these agents appears to target proliferating cells, which possess higher activity and levels 

of topoisomerase II [3,54]. As a consequence of theïr action, the proliferative potential of 

many celis may be reduced, due to a complete or transient inhibition of passage through 

the ce11 cycle. It has been suggested that perturbations of normally integrated ce11 cycle 

events may present the stimulus for the ce11 to engage a program of ce11 death [55,56]. The 

action of some topoisomerase II inhibitory agents rnay induce enzyme-mediated DNA 

breaks, illegitimate DNA recombinations, and gene alterations in Gî/M halted cells 



[53,57]. 0 t h  inhibitors could equaily trigger ce11 death, by either inhibiting the catalytic 

activity of topoisomerase II needeù for the separation of intertwined chromosornal DNA 

molecules during mitmis andlor by interferhg with the structural fünctions of 

topoisornerase II in chromatin organization [3]. Overdl, despite the particular mode of 

topoisornerase II inhibition conferred by various inducers the result is a state of 

di fferentiation which appears rare1 y to proceed with normali ty or to completeness. 

Alterations in the expression of various limage-specific markers suggest that only a partial 

differentiation is achieved, which accordingly seems to be irreversible [33. 

3.1.8 Associated changes in topoisomerase II activity and levels with 
difCerentiationhpoptosis induction 

Induction of differentiation in many leukemic ce11 lines has been associated with a 

decrease in topoisomerase II activity and protein levels [3,5 1,581. In contrast, relative1 y no 

change is seen in the levels of topoisomerase 1 ui differentiated cells as cornpared to 

untreated cells. in the case of differentiation, it is not known whether changes in 

topoisomerase II levels, induced b y inhibitors or other agents essentiall y tnggers 

differentiation or is simply a result of differentiation process [3,49]. What is known is that 

the induction of differentiation by topoisomerase II inhibitors depends on such factors as 

the type of inhibitor, the dosage, the ce11 line being tested, as well as the lineage-specific 

evaluation criteria. Furthermore, support for at least a causal role of topoisomerase II in 

the induction of differentiation has been supporteci by the use of topoisomerase II 

inhibitors to block differentiation induced by other types of agents [3]. 

Induction of apoptosis in leukemic ce11 lines has been associated with changes in 

topoisomerase II levels in a strikingly similar fashion to differentiated cells [58,59]. Signs 



of apoptosis can appear suddenly by the induction of lethal cleavage complexes, or more 

gradually by other means such as DNA damage induced by topoisomerase II inhibition, 

ce1 1 cycle arrest, or terminal differentiation [3,56]. In HL-60 cells induced to differentiate 

with retinoic acid it was found that only the topoisomerase IIa isoenzyme decreased in 

cellular content, whereby degradation of topoisomerase IIP was not seen until much later 

when the early stages of apoptosis were evident [Sa]. When the same cells were subjected 

to etoposide-induced apoptotic conditions, the level of topoisomerase I Ia  remained 

constant while topoisomerase IIB was completely degraded. These results, obtained by 

Sugimoto et ai. [58] were arnongst the first to demonstrate that topoisomerase IIa and IIB 

played a fiindamental role in ce11 proliferaiion and ce11 sumival respectively, and that both 

were coincidentally lost upon the induction of differentiation and apoptosis. 

3.1.9 Changes in gene expression and chromatin structure during differentiation 
and apoptosis 

Since various inducers differ in their mechanisms of action, there remains a great 

deal of complexity and uncertainty enshrouding the nature of ce11 sensory and signaling 

events that determine which pathway a ce11 is committed towards upon exposure. Whether 

or not the initial metabolic changes involve such signal transduction pathways as 

exemplified by the ~a~'-depeadenc~ of protein kinase C signaling [53,60], important and 

significant changes do occur during the processes of gene expression and post- 

transcriptional regulation [3]. In fact, there is a widespread agreement that induction of 

differentiation and/or apoptosis requires both the down regulation of several ce11 cycle 

related genes and the expression of certain other genes [3,7,55]. An altered regulation of c- 



myc, c-myb, c-fos, and c-jun gene expression, whicb effect the proliferative status of a ce11 

can consequently lead to the prevention of differentiation and the induction of apoptosis 

[3,6 11. The expression of other gene products including c-fes, c-Jins, and MERS are 

essential for the differentiation of some leukemic ce11 lines [3]. Cells may also express any 

number of other genes inciudingp53, bcl-ab!, bel-Xs, bel-XL, and bcl-2 capable of inducing 

or suppressing programmai ce11 death, by a variety of methods [7,16,62,633. 

The induction of differentiation and/or apoptosis leads to associated features of 

chromatin reorganization, caused by the opening and closing of large regions of DNA and 

is thus likely to have an effect on the transcription of some of the above mentioned genes. 

Such changes are likely to be affected by topoisornerases acting directly as structural 

elements on the nuclear rnatrix, or indirectly in altering the degree of DNA supercoihg 

[64]. The transcription of regions crucial for gene expression may be effected M e r  by 

altered topoisomerase activities resulting in appearance of DNA strand breaks a d o r  

altered interaction with other proteins involved in the regulation of gene expression [3]. 

3.1.10 Objectives in studying the effects of dexrazoxane on K.62 ceiis 

In the present study, the effect that dexrazoxane, a known topoisomerase II 

inhibitor has on the immortal human leukemic ce11 line known as K562 was investigated 

by a variety of methods. In light of the effects of dexrazoxane on CHO cells as described 

in Chapter 2, and the above mentioned introductory information, the objectives of this 

study were multifaceted. Firstly, we wished to show that by virtue of its action, 

dexrazoxane would have a similar effect on a human-derived ce11 line as did on CHO cells, 

in which polyploidization was observed in the absence of cytokinesis. Many clinically 



used topoisornerase II inhibitors have been demonstrated as being capable of inducing 

differentiation and/or apoptosis in a broad spectrum of leukemia cells, a likely important 

part of their clinical activities [3]. To that effect, it was the fùrther a h  of the following 

study to examine in a variety of situations the ability of dexrazoxane, and to a Iesser extent 

other bisdioxopiperazines and agents to induce erythroid-like differentiation =d/or 

apoptosis in K562 cells. Finally, due to the evident morphologicai similarities of some 

dexrazoxane-treated K562 cells to rnegakaryocytes, the expression of erythroid and 

megakaryocyte antigens were examined in an immunofluorescence flow cytometry 

anal ysis. 



3.2 Cytotoxic effcets of topoisornerase II inhibitors on normal K562 ceU growth 

3.2.1 Introduction 

In the following section, human leukemic K562 cells were exposed to dexrazoxane 

under various conditions in order to examine the effect on ce11 growth, doubling time and 

viability. First, K562 cells were grown as suspension cultures and exposed to a 100 pM of 

dexrazoxane under a variety of exposure conditions. Since the half-life of dexrazoxane in 

media is 9.3 hr at pH 7.4 [65] it was presumed that a concentration of 100 FM would be 

sufficient enough to inhibit topoisornerase II in the entire ce11 population if given for at 

least twice the cell cycle t h e  (48 hr). To that effect various drugging protocols were 

tested to examine the extent to which KS62 ce11 proliferation could be inhibited by 

dexrazoxane. In addition, a series of cytotoxicity experiments were conducted on K562 

cells in order to assess the level of growth inhibition caused by dexrazoxane, ADR-925, 

ICRF- 193, ICRF- 154, etoposide, and doxorubicin (Fig. 3.3). Cytotoxicity towards the 

above mentioned agents was first evaluated using a colonmetric MTS (3-(4,s-dimethyl- 

~iazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4lfophenyl)-2H-teoli) assay afier it 

was previously optimized. As a more direct measurement of cytotoxicity, the number of 

cells remaining in culture after dexrazoxane treatment was additiondly assessed in a ce11 

counting analysis with the use of a mode1 & Coulter counter. 



Dewazoxane (ICRF-187) 
MW = 268.28 glmol 

O 

ICRF-193 
MW = 282.30 glmol 

Etoposide (VP-16) 
M, = 588.60 glmol 

ADR-925 
M,,,, = 302.30 glmol 

O 

ICRF-154 
M, = 254.25 glmol 

Doxoni bicin 
MW = 543.53 g/mol 

Fig. 3.3. Chemical structures of aU drugs tested. 



3.2.2 Materials and Methods 

3.2.2.1 Materiais 

3.2.2. i. I Dmgs, chemicals, and reagents 

Dexrazoxane (~inecard@, ICRF-1 87), ADR-925, and doxorubicin were gifts of 

Pharmacia & Upjohn (Columbus, OH, U.S.A.). Etoposide, was obtained fiom Sigma 

Chemical Co. (cat. No. E- 1383), ICRF- 193 and ICRF- 1 54 were synthesized previously in 

our laboratory. DMSO used to dissolve dnigs, 99.5% cat. No. D-5879), trypan blue dye 

(cat. No. T-6 146), HEPES (cell culture grade, cat. No. H-9 136), were obtained fiom Sigma 

Chemical Co. (St. Louis, MO, U.S.A.). Sodium bicarbonate (NaHC03, cat. No. BP328- 

079) was obtained fkom Fisher Scientific (Fairlawn, NJ, U.S.A.). Dulbecco's phosphate 

buffered saline (PBS, cat. No. D-5652), Dulbecco's modified eagle medium (DMEM, cat. 

No. 1 2800-0 1 7), penicillin-streptomycin (cat. No. 25200-072), and fetal bovine serum 

(FCS, cat. No. 26140-079) were obtained fkom Gibco-BRL, Life Technologies inc. 

(Burlington, ON). Na2EDTA (cat. No. 10093) was obtained fkom BDH Chernicals Ltd. 

(Toronto, ON). Sodium chloride (NaCl, cat. No. AC-8304) was obtained fkom Anachernia 

Ltd. (Toronto, ON). Sodium hydroxide (SN NaOH, cat. No. H369) was obtained fiom 

Mallinckrodt Specialty Chemicals Co. (Paris, KT, U.S.A.). MTS, CellTiter 96@ AQum 

One Solution Reagent (cat. No. G3580) was obtained fkom Promega Corp. (Madison, WI, 

U.S.A.) and stored at -20°C protected from light. Isoton II Coulter balanced electrolyte 

solution (cat. No. PN 8546719) was obtained fkom Beckman Coulter Inc. (Burlington, 

ON). Carbon dioxide (standard grade) was purchased £iom Welder's Supply (Winnipeg, 



MB). Microtitre plates (96-well, sterile, cat. No. 83.1835), 50 mL sterile PP conical 

centrifuge tubes (29x 1 14 mm, cat. No. 62.547.004), ~ - 2 5 c r n ~  (cat. No. 83.18 10.502) and 

~ - 7 5 c m ~  (cat. No. 83.1 8 1 3 SO2) PE green 0.2 pm vented plug capped flash for suspension 

cultures, and d l  other plasticware were obtained fiom Sarstedt Inc. (St. Leonard, PQ). 

3.2.2.1.2 Preparation of dmgs and reagents 

Dexrazoxane (MW = 268.28 g/mol) and ADR-925 (MW = 302.3 ghnol) were 

dissolved in cell culture medium @MEM/FCS) and filter steritized through a 0.2 pm 

acetate filter. Etoposide (MW = 588.6 ghol) ,  ICRF- 193 (MW = 282.3 glmol), ICRF-154 

(MW = 254.25 ghol) ,  and doxorubicin (MW = 543.53 g h o l )  were dissolved in 99.5% 

DMSO by brief sonication and heating in a 37OC water bath and subsequently added to ce11 

cultures such that DMSO concentrations would not exceed 0.5% (v/v). Trypan blue dye 

(0.6% wiv) was prepared by dissolving 0.6 g of dye in a ddHzO containing 150 mM NaCl 

and 1 mM Na2EDTA. 

Human erythroleukemic K562 cells were donated by Dr. Jack C. Yalowich 

(University of Pittsburgh School of Medicine, Pittsburgh, PA, U.S.A.) with whom Our 

laboratory has established a collaboration. In order to cross-correlate future results with 

Dr. Yalowich's laboratory K562 cells were similarly grown as suspension cultures in 

T-flasks in DMEM containing 20 mM HEPES, 100 unitdml penicillin G, 100 pg/mL 

streptomycin, 10% (v/v) fetal bovine serurn in an atmosphere of 5% (v/v) CO2 and 95% 



(v/v) air at 37OC (pH 7.1). Cell densities (cells/rnL) in cultures were assessed fiom 

aseptically removed aiiquots by the use of a mode1 Zr Coulter counter (Coulter Electronics, 

Hialeah, FL, U.S.A.), as explained in Appendix A.2. Ce11 viability was assessed in a 

trypan blue dye exclusion analysis by the dilution of culture samples 1 : 1 with trypan blue 

dye. A minimum of 500 cells were çounted in a hemacytometer chamber followed by the 

detemination of the percentage of non-viable (blue) cells per total number of cells 

counted. 

3.2.2.2 Growth curve characteristics of K562 ceils exposed to dexrazoxane under 
different conditions 

Exponentially growing cultures were diluted to starting ce11 densities of 2x 1 O' 

cells/mL in T-75 flasks followed by the addition of 1-2 mL of dexrazoxane such that the 

final drug concentration produced would be 1 0  p M  (total volume of 15-40 mL). Four 

separate drugging protocols were perfonned alongside control cultures to examine the 

effects of different dexrazoxane treatrnent periods on ce11 growth. in the first culture, cells 

were treated daily with dexrazoxane without media replacement such that the daily drug 

concentration in the culture would be approximately 100 FM. The second culture was 

treated in an identical manner as the first except that culture media was replaced daily. 

The third culture was exposed with 100 FM dexrazoxane at O, and 48 hr of growth with 

media replaced after 24, and 48 hr of growth. The fourth and final treated culture was 

exposed once to 100 FM dexrazoxane at O hr without any media replacement at subsequent 

time intervals. 



After every 24 hr interval of growth a 1-2 mL aliquot was removed tiom each 

culture using a sterile Pasteur pipet. Ce11 viability was assesseci as explained earlier in 

Section 3.2.2.1.3. In addition, ce11 densities were determined by counting on a mode1 

Coulter counter with a 100 p m  aperture tube, threshold setting of 7 (Vamp. = 2, 

l/ap.current = 8, diameter cutoff z 8.7 pm), as explained in Appendix A.2. For those 

cultures in which media was replaced at specified intervals cells were aseptically rernoved, 

centrifbged at 250 g for 12 minutes, and resuspended in an appropriate volume of -80% 

fresh DMEM/FCS in an atternpt to maintain ce11 densities approximately equivalent to that 

of before centrifugation. This was followed by a subsequent exposure to 100 pM of 

dexrazoxane, administered in the same fashion as before. 

3.2.2.2.1 Normalkation of cell coun~sJi.orn cultures in which media is replaced 

The pattern of ce11 growth fiom a suspension culture can easily be followed by 

measunng the changing ce11 densities with time through the removai of sample aliquots. 

However, in the case of researcher intervention such as with the changing of media a 

nomalization of ce11 counts is required. This is to correct for the slight fluctuation in 

culture volumes and ce11 densities in order to obtain a smooth growth curve. in brief, 

nomalization was achieved by multiplying in order of ce11 densitia, by a numerical factor 

(I) in which the ce11 density changed fkom its determination afier centrifugation and 

resuspension, to the following 24 hr interval. In Table 3.2 are shown the quantified ceIl 

densities before and afier centrifugation fiom the second K562 ce11 culture exposed daily 

to 100 p M  dexrazoxane with media replacement. The final normalized ce11 density for 

each 24 hr time interval was determined as follows, 



Example: 

Norrnalized 48 hr = Ce11 density at 48 hr x DT x Ce11 density at 24 hr 
Ce11 density Ce11 density at 25 hr AT 

where, DT = desired time interval between ce11 density data points on growth curve, 
(i.e. 24 hr) 

AT = actual time interval fiom the time after centrifugation and resuspension to 
the following day (i.e. h m  25 to 48 hr of growth = 23 hr) 

:. Normalized 48 hr = 2.38EM5 celldmL x 24 hr x 2.13E+05 ce1ldmL 
CeIl density 2.27EM5 cells/mL 23 hr 

Nonnalized 72 hr = Ce11 density at 72 hr x DT x Nomalized48 hr 
Ce11 density Ce11 density at 49 hr AT Ce11 density 

:. Norrnalized 72 hr = 2.25E+05 celldml x 24 hr x 2.33EM5 celldmL 
Ce11 density 1.77EM5 cells/mL 23 hr 

and so forth up to 120 hr of growth. 
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Table 3.2. Initial and fisril normalized cell densities from a K562 culture 
exposed daily to dexrazoxane with media replacement. 

Ce11 density 
(ce1 1 s/mL) 

2.00E+05 
2.13E+05 
2.27E-t-05 
2.3 8E+O5 
1.77E+05 
2.25E+05 
1.40E+05 
1.47E+05 
1.3 9E+OS 
1.53E+05 

Ce11 density 
(ce1 1 s h L )  

3.2.2.2.2 De fermina~ion of growfh rates and dmbling tintes of ctrltttred cells 

In most control unexposed cultures it is a common occurrence to observe a decline 

in growth potential beyond a point of confluence, which in the case of suspension cells 

begins to occur at cell densities above 1 x 106 celldml. In the determination of the growth 

rate of these such ceIl cultures only those time periods in which exponential growth was 

observed were used in the following calculations. The doubling time of cultured cells was 

computed using the following single exponential rise equation, 

Cf = Coe u where, CI = the cell density at time t (ce1ldm.L) 
Co = the starting initial seeded ce11 density (cells/mL) 
e = the base of the natural logarithm 
K= the growth rate constant (hr -') 
t = the time (hr) at which C is determined 



Example: 

First, a crude rough detemination of K is made using values of Co , Cl , and r 

chosen fiom the collected data. From the fourth K562 culture treated once with 100 pM 

dexrazoxane at O hr without any media replacement at subsequent time intervals the 

following values were chosen, 

Co = 2.26E+05 ceIls/mL at the start of the experiment 
C, = 8.03E+05 cells/mL at the end of the experiment 
t = the time at which C, is determined, in this case 1 19 hr 

1.2700 = K * (1 19) (taking the natural logarithm) 

Next, a more accurate determination of K is made using this rough estimate as well 

as the entire span of collected ce11 density data in a nonlinear regrasion analysis using 

Sigrnaplot. Under 4 t a t i s t i c e  choose <Nonlinear Regession>, then open up the single 

exponential rise fit file (exprisel .fit). This analysis program performs a series of iterations 

using the collected ce11 density data to determine the best value for K. This equation used 

is of the same f o m  as Cl = Co e KI, expressed as f = a*exp(b*x) where f = Cl, a = Co, b = 

K, x = t. In the following exarnple under [Parameters] and [Variables], the values of a, b, 

x, and y are assigned where b is the rough estimate of K, detennined above. 



Single exponena'al rhe fit ffe (e;rpn'sel.fit): 

;f = a exp(bx), starts at f (O) = a and 
;rises with a t h e  constant = 1h 
;ModiQ these values for your data 

a = 2 2 5 5 0  ;amplitude, initial starting ce11 density 
b = 0.0 1 067 ;rate constant 
[Variables ] 

x = col(1) ;change to appropriate coiumn 
y = coI(2) ;change to appropriate column 
[Equations] 

f = a*exp (b*x) 
fit f to y 
[Cons traints] 

b > O  ;prevents exponential decay 

Afierwards the outputted value of b (or rather K) is inserted back into the original 

single exponential rise equation in order to determine the value of t when the cell density 

has doubled, or increased by a factor of 2. 

when Ct = 2Co, or rather ce11 density has doubled 

(taking the natural logarithrn) 

substituting in the outputted value of K 



3.2.2.3 OpEimization of the MTS, CeilTiter 96@ AQ., One Solution ceU 
proiiferation assay 

3.2.2.3.1 Backpound information 

The MTS, or CellTiter 96@ AQ,,, One Solution ce11 proliferation assay is a 

colorimetric method licensed exclusively to Promega Corp. (Madison, WI, U.S.A.) which 

is used for determining the nurnber of viable cells in proliferation or cytotoxicity assays. 

This one-solution reagent contains, with enhanced chernical stability a yellow tetrazoliurn 

dye called MTS or [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo- 

pheny1)-2H-tetrazolium] , and an electron coupling reagent known as PES or (phenazine 

ethosulfate). When added to cells in tissue culture medium MTS is indirectly bioreduced 

into a blue çolored soluble fonnazan product (Fig. 3.4) by mitochondrial cytosolic 

reductases such as NADPH or NADH 1661. The MTS assay is ideal for growth inhibition 

or cytotoxicity analysis of suspension cells such as K562 since there are no washing, ce11 

harvesting, or  solubilization steps involved. Basically, a small arnount of the MTS reagent 

is added directly into culture wells on a 96-well plate, and then incubated for 1-4 hr. Then, 

the amount of the formazan product produced is measured by the amount of 490 nm 

absorbance, which is directly proportional to the number of living cells in culture. 



N-N, 
CH3 

MTS Formazan 

Fig. 3.4. Structure of MTS tetrazolium and its formazan product, 

3.2.2.3.2 Maintaining assay sensitivity while optimizing MTS reagent usage 

Although the concentrations of tetrazolium and electron transfer reagents had been 

previously optimized by Promega Corp. (Madison, WI, U.S.A.) as indicated in their 

techical bulletin, it was of particular interest to detennine if assay sensitivity would be 

compromised by the use of a reagent:mediurn ratio lower than the suggested ratio of 

20pL: IOOpL. To this effect, various numbers of K562 cel1s were added in replicate (x6) to 

the wells of two 96-well microtitre plates in D M E M C S  to volumes of 100 pUwell. The 

MTS reagent was thawed for 15 min in a 37OC water bath. Into each well of the first 96- 

well assay plate was added 10 pL of MTS reagent followed by 10 pL of DMEWFCS 

using multichannel pipettors. Into each well of the second 96-well assay plate was added 

20 pL of the MTS reagent. Plates were then incubated for 1-3 hr at 37OC in a humidified, 

5% (v/v) COs atmosphere. After each 1 hr tirne interval the plates were removed fiom 

incubation and the absorbantes at 490 nm for each well were recorded using a Thermomax 

96-well plate reader (Molecular Devices, Menlo Park, CA, U.S.A.). Absorbante was 



a Thermomax 96-well plate reader (Molecular Devices, Menlo Park, CA, U.S.A.). 

Absorbante was corrected for non-specific, scattered light by subtracting the absorbance at 

650 nm from the absorbance at 490 nm. Subsequently, average absorbames fiom replicate 

determinations were plotted vernis the number of ceUs/well in order to examine the 

limitations of the linear relationship with respect to each plate analyzed. 

3.2.2.4 Cytotoxicity experiments by MTS analysis 

3.2.2.4.1 Seeding of microtitre plates with ceiis 

Exponentially growing cultures were diluted to starting ce11 densities of 36,000 

celldml in the case of dexrazoxane and ADR-925 cytotoxicity analyzes, and to 20,100 

cells/mL for al1 other drugs analyzed which required solubilization in DMSO. It was 

previously determined through optimization of the MTS assay (Section 3.2.3.2) that a 

concentration of 32,000 cells/well in control columns at the stage of analysis was ideally 

within the range of sensitivity for accurately resolving a growth inhibition cwve. 

Therefore, based on an 18 hr doubling time (Table 3.4) cells were seeded at 1800 cells/well 

such that ce11 densities would reach 32,000 cells/well in control columns a k  72 hr of 

growth. Cells were delivered into microtitre wells in replicate (x6) between columns 2-12 

and rows B-G using a multichannel pipettor. For cytotoxicity analysis of drugs requinng 

solubilization in DMEMECS, 50 pL of cells at 36,000 cells/mL were added to each well, 

and for dmgs requiring solubilization in DMSO, 89.5 pL of cells at 21,000 cellsImL were 

added in the same manner. 



3.2.2.4.2 Delivety of dnrg to microtitre plates 

Afier the appropriate quantity of drug was weighed and solubilized as described in 

Section 3.2.2.1.2 dnig stock solutions were prepared and added to microtitre plates 

immediately after seeding. A typical drug rnap illustrated in Table 3.3 dernonstrates an 

example of how each drug stock solution was prepared and added in replicate (x6) to the 

wells of each plate such that the drug was used sparingly and the total final volume per 

well was 90 PL- Dnigs solubilized in DMEM/FCS (dexrazoxane, ADR-925) were added 

at 40 pWwell using a multichannel pipettor, and drugs solubilized in DMSO (ICRF-154, 

ICRF- 193, etoposide, doxombicin) were added at 0.5 pUwell individually using an 

Eppendorf 2 PL micropipettor with sterile microtips. When DMSO was used as a solvent 

its final concentration in ce11 culture medium was 0.5% (vlv), and controls were included 

in experiments to ensure that DMSO did not effect ce11 growth. Into al1 outer wells that 

did not çontain cells (rows A and H, and column 1) was placed 100 PL of PBS for 

spectrop hotometer b lanking andior the prevention of evaporation !tom inner wells 

containing cells and drug. To M e r  maintain a consistent volume of 90 pUwell in al1 

imer wells each plate was wrapped individually with Saran wrap (Dow Brands Canada 

Inc., Paris, ON) before placing in the incubator at 37OC with 5% (vlv) COz. 



Table 33.  A typical dnig map for DMSO soluble dmgs. 

Plate #1: 

-- - 

Column Number 

V04ells 
(clil 

vObw 

(dl 
rdwl,~,, 
(W) 
Dnig 

Stock # 

- 89.5 89.5 89.5 89.5 89.5 89.5 89.5 89.5 89.5 89.5 89.5 

- 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

- O 0.001 0.002 0.005 0.01 0.02 0.05 0.1 0.2 0.5 1 

PBS DMSO O N M L K J 1 H G F  



Plate #2: 

Coiumn Number 

1 2 3 4 5 6 7 8 9 10 11 12 

3.2.2.4.3 Memrement of cytotoxic effects 

Dmg 
Stock # 

Mer 72 hr of growth in the presence of dmg a suitable amount of the M T S  one 

solution reagent (Promega Corp., Madison, WI, U.S.A.) was removed aseptically and 

placed into a stenle boat after thawing for 15 min in a 37OC water bath. Into the 

appropriate wells of each microtitre plate was added 10 pL of MTS reagent such that the 

final volume per well was 100 @. Plates were then incubated for 3 hr at 37°C in a 

humidified, 5% CO2 atmosphere after which time a Thermomax 96-well plate reader 

(Molecular Devices, Men10 Park, C 4  U.S.A.) was used to measure absorbance at 490 

in the wells. Absorbance was correded for non-specific, scattered light by subtracting the 

absorbance at 650 nm fiom the absorbance at 490 nm. 

PBS DMSO H G F E D C B  A 



Data fiom al1 cytotoxicity experiments was inputted into SigmaPlot (Jandel Corp., 

San Rafael, CA, U.S.A.) and used to determine the 50% inhibitory concentration (I&) for 

the drugs tested on K562 cells. Prior to graphical representation of dose-response curves 

outlier absorbances were rernoved empirically with statistical relevance using the provided 

transforrn file entitled !outlier.*. Non-linear, least-squares fitting of the absorbance-drug 

concentration data was perfonned in SigmaPlot using the following three- or four- 

parameter logistic equation, 

where A ~ s ~ ~ ~ ~ ~ ~ ~  is the absorbance at 490 nm minus the absorbance at 650 nm, x is the drug 

concentration, c is the rnedian inhibitory concentration (ICso), b is the Hill-type 

exponential factor indicative of the rate at which toxicity increases with increasing drug 

concentration, a is the estirnated maximal absorbance and d is the estimated background 

absorbance at the highest drug concentration. When the background absorbance is close to 

zero d was set qua1 to O, thus giving a three-parameter equation. The values of b and c 

were initially computed fkom a two-parameter fit after substitution of the a and d values. 

Subsequently, more accurate values of b and c were determined upon the iteration of a 

three- or four-parameter fit equation with the inclusion of the same a and d values and the 

b and c values computed from the two-parameter fit equation. 



3.2.2.5 Cytotoxicity experiments by ceU counting aaaiysis 

Colorimetric assays such as MTT and MTS are two of the most common methods 

for evaluating the effect of drugs on growth and survival of cells in culture. In general, 

these assays produce a reliable agreement between the number of viable cells in culture 

and the production of formazan, based on the mitochondrial dehydrogenase activity in 

viable cells [67]. However, as noticd previously with respect to CHO cells (Section 

2.1 1. t ), and by other authors with similar tumor cell lines 1671, on occasion discrepancies 

may exist between the actuai number of cells and the quantity of formazan produced. To 

that effect, it was decided to investigate directly the level of dexrazoxane-mediated 

cytotoxicity on K562 cells by ce11 counting, and to compare these results to those obtained 

by MTS analysis. 

Counting analysis of ce11 proliferation in the presence of various concentrations of 

dexrazoxane was assessed twice using two slightly different protocols. In the f b t  method, 

exponentially growing cells were seeded consistently at 0.6x 10' celldml to a volume of 

3.4 mL in 6-well tissue culture plates. This was followed by the addition of O. 1 mL of the 

requisite stock solution of dexrazoxane to produce the desired final concentration as single 

determinations. Afkr 72 hr of growth at 37OC with 5% (vh) COz ce11 densities were 

determine- on a mode1 Coulter counter using a 100 pm aperture, threshold setting of 20 

(l/amp = 2, l/ap.curr = 8, diameter cutoff 1 1.9 pn) for an accurate detexmination of the 

actual number of whole cells. The median dexrazoxane inhibitory concentration (ICso) 

was detennined in the same fashion as before (Section 3.2.2.4.4) fiom constmcted dose- 

response curves of cell density versus dexrazoxane concentration. 



In the second rnethod ernployed for ICso determination cells were seeded at various 

staxting densities before exposure to dexrazoxane. The rationale for this method of 

analysis is explained later in fùrther detail (Section 3.4.3.2), as it applies directly to the 

objectives of a subsequent experiment. In bnef, for dexrazoxane concentrations of 0-5 p M  

cells were seeded at 0 . 6 ~ 1 0 ~  cells/ml, for 10 and 30 pM at 0.75~10' and 1.75~10' 

cells/mL respectively, and for concentrations of 100-5000 pM were seeded at 3 . 0 ~ 1 0 ~  

cells/mL. Al1 cells were seeded accordingly as single determinations to 14 mL in T-25 

flasks, followed by the addition of 1 mL of the requisite stock solution of dexrazoxane to 

produce the desired final concentration. Cells were then grown, as before for the duration 

of 72 hr, without any intervention or replacement of media. After this p e n d  of time ce11 

densities were determineci by counting on a mode1 Zr Coulter counter with the same 

settings as before. Dose-response curves were çonstmcted by plotting the factor of 

increase in ceIl density or CIC, (i.e. final ce11 densities (C) relative to initial seeded 

densities (Co)) versus the range of dexrazoxane concentrations tested, and ICso values were 

subsequently determined as previously explained. 



3.2.3.1 Growth curves after dexrazoxane exposure 

Initial experiments investigating the effects of various exposures of dexrazoxane on 

K562 ce11 growth are demonstrateci in Fig. 3.5a. Growth curves displayed here seemed to 

suggest that single or dual exposures to dexrazoxane were able to partially inhibit ceIl 

growth. Daily exposure tu dexrazoxane with or without media replacement resulted in a 

significantly greater inhibition of growth. These observations were complemented by the 

calculated doubling times and growth rates of the respective cultures studied (Table 3.4). 

Untreated K562 cells exhibited a doubling tirne of approximately 19 hr. As cells were 

exposed to dexrazoxane for longer periods of time the rate of growth declined accordingly. 

Ce11 cultures exposed to dexrazoxane up to 5 times with or without media replacement 

exhibited doubling times that were approximately 2 times longer than cells exposed once 

or twice to dexrazoxane, and up to 7.5 times longer than control cells. Monitored changes 

in ce11 viability correlated well with the doubling rates of their respective cultures. Cells 

exposed to dexrazoxane for longer periods of time were not only slower to divide but also 

exhibited a greater decline in percent viability as comparai to cells exposed to 

dexrazoxane for shorter periods of time (Fig. 3.5b). Furthemore, viability did not decline 

as rapidly in cultures treated under conditions of daily media replacement. Overall, these 

results indicate that daily exposure to dexrazoxane is able to inhibit the division of K562 

cells. Furthemore, when accompanied with daily media replacement any decline in cell 

viability can be attributed to the effects of dexrazoxane rather than a deprivation nutrients. 



Table 3.4. Growtb rates of K.62 ceUs exposed to dexrazoxane under different 
conditions as determined by ceU counting on a CouIter counter. 

- - 

Duration of dexrazoxane K S.E. C.V. 1 

m-9 (%) Olr) 

Unexposed control -11s 
Daily (0-1 20 hr) with media 
replacement 
Daily (0- 1 20 hr) without media 
replacement 
Exposed at 0,48 hr with media 1 7.888-03 9.10E-M 11.6 
replaced at 24,48 hr 
Exposed once at O hr without any 1 9.63E-03 1.80E-03 18.7 
media replacement 

NOTE: Determinations were made using only celi densities which fell below 1 .OE+06 
celldmL 



T h e  (hr) 

Time (br) 

Fig. 3.5. Initial trial results examiniiig the effects of Merent dexrazoxane drugging 
protocols on cell proliferation, and viabiiity. Cells were seeded at initial densities of 
2x 1 O' c e l l s h l  and treated daily with LOO pM dexrazoxane without media replacement 
(O); daily with media replacement (O); at 0, 48 hr with media replacement at 24, 48 hr 
(.); at only O hr with no media replacement (O); and non-treated control cells were 
seeded as well without any media replacement (A). At indicated times, samples were 
removed and (a) ce11 densities were detennined with the use of a Coulter counter 
(threshold of 7, 100 p m  aperture, diameter cutoff s 8.7 pm); and (b) viability was 
determined using a trypan blue dye exclusion analysis. 



3.23.2 Optimization of MTS reagent usage conditions 

Use of a reagent:mediurn ratio of 20 pL:100 pL in plate B, as suggested by 

Promega Corp. produced a linear response at each assayeù tirne interval between ce11 

number and absorbance at 490-650 nm fiom 10,000 - 100,000 cells/well even at high 

absorbance readings (Fig. 3.6b). The use of a reagent:medium ratio of 1 0 PL: 100 PL in 

plate A produced a similar linear response between ce11 nurnber and absorbance at 490-650 

nm but only from 10,000 - 50,000 celldwell and at assayed time intervals of 2 and 3 hr of 

incubation (Fig. 3.6a). Absorbantes were approximately on average 1.5 times greater in 

plate B than in plate A fiom the interval of 10,000 - 100,000 cel1dwelI. Based on these 

results MTS assay sensitivity is not compromised by the use of a reagent:medium ratio of 

10 PL: 100 pL so long as there is between 10,000 - 50,000 cells/well. Therefore, 

subsequent MTS cytotoxicity protoçols were designed such that control wells would 

contain at the stage of analysis approximately 30,000 celldwell and then incubated with 

10 ~ U w e l l  of MTS reagent for at Ieast 2 hr. 



Number of K562 celldwell (x id) 

Number of KS62 celldwell (x1o3) 

Fig. 3.6. Effect of ceii number on absorbance at 490 nm measured using MTS assay. 
Various numbers of K562 cells were added to the wells of  two 96-well plates in 
DMEWFCS. Medium was equilibrated to a volume of  100 pUwell with the addition o f  
MTS reagent in the quantities o f  10 pUwell to the first plate (a), and 20 pUwell to the 
second plate (b). M e r  1 (O), 2 (O), and 3 hr (V) at 37OC in a 5% (vh) COz atmosphere, 
the absorbance at 490-650 nm was recorded using a plate reader. Each point represents 
the mean k SD of 6 replicates. 



3.2.3.3 Examination of cytotoxicity towards some bisdioxopiperazine andogs and 
topoisornerase U poisons 

The individual values of the median inbibitory concentration (ICso) for each drug 

cytotoxicity Experiment are presented in Table 3.5. iîlmtrated in Fig. 3.7 are the 

cytotoxicity profiles for each of these compounds, as deternllned by MTS analysis. 

Concentrations of ICRF- 193 and ICRF-154 higher than 50 pM and 150 pM, respectively 

were limited by the sohbility of these dmgs. No DMSO-mediated cytotoxicity was 

observed in control weîls containhg 0.5% (v/v) DMSO (data not shown). in addition, 

growth inhibition anaiysis by ce11 counting was conducted in two slightly different ways, 

but only for dexrazoxane-treated cells (Fig. 3.8). With the exception of ADR-925-treated 

cells, at drug concentrations above the calculated ICso values cells generally a p p e d  

larger in size with many particulates, as viewed under a microscope with a 10X objective 

lem. 



Table 3.5. Cytotoxicity of vanous topoisornerase II inhibitory agents towards KS62 
ceils as determined by MTS and/or ceM counting analysis. 

dexrazoxane 
dexrazoxane* 
dexrazoxanes* 

ADR-92sb 
ICRF- 1 93 
ICRF- 1 54 
etoposide 

doxombicin 

rc5g S.E. C.V. 

(PM) (PM) (%) 

20.3 1.9 9.5 
17.0 1.1 6.4 
13.8 1.3 9.5 

1229.0 20.2 16.4 
0.54 0.05 9.68 
33.52 3.93 11.71 
0.7 1 0.12 17.01 

0.073 0.0 13 17.98 

" Cytotoxicity was measured by MTS analysis with a 72 hr exposure to the cytotoxic 
agent. The ICso is the concentration of the agent at which ce11 growth is 50% of the 
maximum observed inhibition. Individual median inhibitory concentrations f S.E. were 
obtained by fitting absorbance data to a four-parameter logistic equation (Fig. 3.7). 

ADR-925, the hydrolyzed fom of dexrazoxane was the only known non-topoisornerase 
II inhibitory agent investigated. 

+ Dexrazoxane-mediated cytotoxicity as determined by ce11 counting analysis using a 
Coulter counter. Cells were seeded at identical concentrations in 6-well plates, grown for 
72 hr, and the ICso value calculated in the same manner as before (Fig. 3.8a). 

** Dexrazoxane-mediated cytotoxicity as determined by ce11 wunting analysis using a 
Coulter counter. Cells were seeded at various concentrations in T-75 flasks, grown for 
72 hr, and ICso values were calculated as before, but fiom a plot of the factor of ce11 density 
increase after 72 hr versus dexrazoxane concentration (Fig. 3. ab). 



Fig. 3.7. MTS assay of ceU growth inhibition by bisdioxopiprazines and other 
topoisomerase CI ihibitory agents. K562 cells were incubated for 72 hr with (a) 
dexrazoxane, (b) ADR-925, (c) ICRF-193, (d) ICW-154, (e) etoposide, and (f) 
doxorubicin on 96-well microtitre plates. Absorbances at 490-650 nrn were determined 
after 3 hr of incubation with MTS ragent, except for dexrazoxane plates which were 
analyzed after 2 hr of incubation. The curves represent the results of least squares non- 
linear regression fits of measured values to a four-parameter logistic equation. The error 
bars represent standard deviations. The lowest concentrations are the zero values, plotted 
for convenience on a logarithmic scale with arbitrary values. 

[dexrazoxane] , pM 



[etoposide], pM [doxorubicin], pM 
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Fig. 3.8. CeiJ counting analysis of dexrazoxane-mediated cytotoxicity. K562 cells 
were seeded at (a) identical densities in 6-well plates, or (b) various densities in T-75 
flasks. Afier 72 hr of growth in the presence of dexrazoxane ce11 densities were assessed 
on a mode1 Zr Coulter counter (threshold 20, 100 pn aperture, diameter cutoff s 11.9 
pm). The curves represent the results of ieast squares non-linear regression fits of 
measured values to a four-parameter logistic equation. The lowest concentrations are the 
zero values, plotted for convenience on a logarithmic scale with arbitrary values. 



3 3  Effect of derrazoxrne on ceU size, cycling, and mean protein and DNA 
content 

3.3.1 Introduction 

Aside Erom investigating the effects that a particular agent, such as dexrazoxane has 

on ce11 growth and viability there exist a wide range of other general characteristic features 

which can be examined. As mentioned previously, agents such as dewazoxane and other 

bisdioxopiperazines target the topoisomerase I I a  enzyme, and are able to affect the mi totic 

progression of  a given ce11 line by intexrupting the process at the G2/M phase boundary 

[68].  The experiments described in the following section attempt to explore some of the 

qualitative and molecular effects caused b y dexrazoxane-induced topoisomerase 11 

inhibition. First, the profile-size distributions of K562 cells werc followed electrically in a 

flowing system through a Coulter counter, after exposure to dexrazoxane. Second, mean 

protein and DNA levels in dexrazoxane-treated cells were quantified in an attempt 

associate a change in ce11 size with an alteration of cellular constituents. And finally, flow 

cytometry was used to characterize the effect that dexrazoxane has on the ce11 cycling of 

K562 cells by quantimng the ploidy content of individual celIs. 



3.3.2 Materials and Methods 

3.3.2.1 Materials 

Dexrazoxane (~inecard", dexrazoxane; M W  = 268.28 glmol) was a gift of 

Phmacia  & Upjohn (Columbus, OH, U.S.A.) and was prepared as previously described 

(Section 3.2.2.1.2) in ceII culture medium (DMEMCS) followed by filter sterilization 

through a 0.2 pm acetate filter. RNase A (stored at -20°C, cat. No. R-5503), propidiurn 

iodide (cat. No. P-4170), Lauryl sulfate (SDS, cat. No. L-4390), bovine semm albumin 

(MA, cat. No. A-3350), bisBenzïmide (Hoechst 33258, M W  = 533.9 ghol,  cat. No. B- 

2883), and Coornassie brilliant blue G-250 (cat. No. B-0770) were obtained fiom Sigma 

Chemical Co. (St. Louis, MO, U.S.A.). Triton X-100 (cat. No. X198-5) was obtained fkom 

J.T. Baker Chemical Co. (Phillipsburg, NJ, U.S.A.). Calf thymus DNA (cat. No. 2618) 

was obtained fiom Calbiochem Corp. (La Jolla, CA, U.S.A.). Dulbecco's Phosphate 

buffered saline (PM, cat. No. D-5652), DMEM (cat. No. 12800-017), and fetal bovine 

serum (FCS, cat. No. 261409079) were obtained fiom Gibco-BRL, Life Technologies Inc. 

(Burlington, ON). Isoton II Coulter balanced electrolyte solution (cat. No. PN 85467 19) 

was obtained fiom Beckman Coulter Inc. (Burlington, ON). Sodium chlonde (NaCl, cat. 

No. AC-8304) was obtained fiom Anachernia Ltd. (Toronto, ON). Sodium hydroxide (SN 

NaOH, cat. No. H369) was obtained fkom Mallinckrodt Specialty Chernicals Co. (Paris, 

KT, U.S.A.). Sodium citrate (cat. No. C-614) was obtained fiom Fisher Scientific 

(Fairlawn, NJ, U.S.A.). Ethyl alcohol anhydrous (ethanol, 1 00%, cat. No. UN 1 1 70) was 

obtained f?om Commercial Alcohols inc. (Toronto, ON). 



3.3.2.2 Drug treatment 

For each of the following separately conducted experiments cells were grown and 

treated with dexrazoxane in an identicai manner. Exponentially growing cultures were 

diluted to starting ce11 densities of 7x10' cel ldml in T-75 flasks followed by the addition 

of 1-5 mL of dexrazoxane to produce a final concentration of 100 p M  (total volume of 20- 

80 mL). Untreated control cells were seeded at 0 . 7 ~ 1 0 ~  cells/mL and were allowed to 

grow without intervention. On a daily basis, upon rernoval of the required number of ceHs 

for analysis, the remaining dexrazoxane-treated cells were aseptically combined, 

centrifûged at 250 g for 12 min in 50 mL sterile conical tubes, and resuspended in an 

appropriate volume of -80% fiesh DMEM/FCS in an attempt to maintain ce11 densities 

approximately equivalent to that of before centrifiigation. This was followed by the 

subsequent re-addition of  dexrazoxane, administered to the sarne concentration o f  100 FM 

and in the same fashion as before. Ce11 densities were monitored daily by counting on a 

mode1 Zr Coulter çounter with a 100 Fm aperture tube, threshold setting of 7 (Vamp. = 2, 

l/ap.curr. = 8, diarneter cutoff s 8.7 pm). Final growth curves for these cultures (data not 

shown) were nomalized for changes in ce11 densities and volumes as before (Section 

3.2.2.2. l), and were identical in nature to growth cuves reporteci later in Section 3.4.3.1. 



3.3.23 Ceii sizing and quantitation by use of a Coulter counter 

W 6 2  ce11 size distributions after dexrazoxane exposure were monitored by 

collecting and anaiyzing ce11 number data fkom a mode1 Zr Coulter counter using a 100 p m  

aperture tube, as explained in detail in Appendix A.4. in brief, approximately 1x10' cells 

were removed at each specified time interval of dexrazoxane exposure and diluted 350 mL 

as needed in a 50 mL glas  beaker with Isoton II balanced electrolyte solution. Each 

dilution mixture was counted through a span of threshold voiume-class divisions fiom 

0-100, increasing by 4 divisions with each counting detexmination. Counting was 

perfonned in replicate (x2) through a series of different arnperage and aperture current 

settings, chosen so as to cover the entire ce11 size distribution profile. Subsequently, the 

nurnber of cells falling within set threshold ranges was deterrnined, followed by the 

normalization of ce11 counts to a single amperage and aperture current setting so as to 

account for the various volume intervals used (see Appendix A.4.2.3). Finally, these cet1 

counts were expressed as a function of cell volume and/or diameter in the fom of 

fiequency distribution histograms. Estimations of mean cell volume (MCV) and mean ce11 

diameter (MCD) were made only for those distributions which appeared Gaussian-like (see 

Appendix A.4.2.4). 

For reasons of clarity, ce11 counts of distribution peaks were subsequently 

normalized to the undrugged control. In the case of 12 and 24 hr dexrazoxane-treated 

K562 cells the peak height of these profile distributions were normalized to the equivalent 

peak height of the control distribution. Profiles of 48-96 hr dexrazoxane-treated K562 

cells were normalized such that ce11 counts became half that of the corresponding peak 

volume interval in the control profile. 



3.3.2.4 Quantitation of mern protein and DNA levels 

The e f k t  that dexrazoxane had on mean protein and DNA levels in K562 cells 

was exarnined in an identical manner as previously describeci with respect to dexrazoxane- 

treated CHO cells (Section 2.6.3). In brief, d e r  growth in the presence of dexrazoxane for 

various periods of t h e ,  4 replicates of 1x10~ cells were rernoved, washed twice with 

10 rnL PBS by centritùgation at 150 g for 18 min. The washed pellets were then gently 

resuspended in 1 mL PBS to ensure monodispersion. From this suspension a 300 pL 

volume of cells was rernoved in order to detennine the ce11 density on mode1 Zf Coulter 

counter with a 100 p m  aperture tube, threshold setting of 7 ( l/amp. = 2, 1 /ap.curr. = 8, 

diameter cutoff s 8.7 pm). The remaining 600 pL of cells were then pelleted to a 50 pL 

volume and lyzed with 1 % (wh) SDS at 37OC for 45 min. Protein was then quantified in 

non-sterile 96-well microtitre plates at 589 nm after Coomassie bnlliant blue staining in a 

modified Bradford assay, using bovine senun albumin (BSA) for standards (see Section 

2.6.3.6). DNA content fiom the same samples was quantified in a fluorometric analysis 

after staining with Hoechst 33258, using calf thymus DNA for standards (see Section 

2.6.3.5). 



3.3.2.5 CeU cycle anaiysis using flow cytometry 

The effect that dexrazoxane had on the ploidy content of individual K562 cells was 

exarnined in an identical manner, as previously described with respect to dexrazoxane- 

treated CHO, DZR, and heart fibroblast cells (Section 2.7.3) by cell cycle analysis using 

flow cytometry. in bnef, at each specified time interval of dexrazoxane exposure -8xl o6 

cells were removed and fixed as rnonodispersed ce11 suspensions in 4.5 mL of 70% (v/v) 

cold ethanol ovemight at -20°C. Samples were subsequently washed with PBS, 

resuspended in 1 mL of a 0.1% (vlv) Triton X-100 in PBS çontaining 0.02 mg/mL 

propidium iodide and 0.1 mg/mL DNase-fiee RNase A, followed by incubation for 15 min 

at 37°C. The percentage of ce11 aggregates in al1 prepared samples was detemineci 

microscopically in a hemacytometer chamber, as previously described (Section 2.7.3.3). 

DNA content and light scattering analysis was carried out on an EPICS V 

multiparameter flow cytometer (Codter electronics, Hialeah, FL, U.S.A.) in the 

Department of h u n o l o g y  (University of Manitoba, Winnipeg, MB) with the assistance 

of Dr. Edward Rector. Propidium iodide-stained cells were passed through a 75 pm 

chamber orifice, and excited with an argon ion laser tuned to 488 nm. This was followed 

by the collection of red fluorescence emissions at 610 nm using 3.5 decade logarithmic 

amplifiers over a span of 256 channels of increasing fluorescence intensity, directly 

proportional to DNA ploidy level. Specialized analytical software on site was used to 

process the collected light intensity data, and pennitted for the direct output of bivariate 

light scattering histograms. DNA content frequency histograms were generated in 

SigmaPlot (Jandel Corp., San Rafael, CA, U.S.A) as described in Section 2.7.3.4 fkom 

collected raw data of the number of cells that fell within increasing channels of 



fluorescence. The relative fraction of cells residing within each discrete DNA ploidy level 

was detennined ernpiridl y tiom the cullected raw data. The delineation between where 

successive phases 2N, 4N, 8N, etc. began or ended could not be determined absolutely due 

to the extent of overlap of non-definable S phases. Therefore, approximations of the 

number of cells residing within each DNA ploidy peak was determïned by dividing the 

number of counted cells between the midpoints of two successive vdley regions on either 

side of a particular peak by 10,000 or the total number of cells counted overall. 



3.33.1 Celi size distributions of dexrazoxane-treated KS62 cells 

Frequency size distribution histograms of dexrazoxane-treated K562 cells, 

generated fiom collected electronic sizing data progressively increased in maximum peak 

volume over the first 24 hr of exposure (Fig. 3.9). Untreated control cells exhibited a tight 

narrow normal-like distribution of ce11 sizes, with an approximate mean ce11 volume of 

2270 (a 16.3 )un diameter). AAer 48 hr of exposure, distribution profiles were no 

longer Gaussian-like and began to exhibit a decay-like pattern at low diameter values. This 

presumably was due to the fact that as some dexrazoxane-treated K562 cells increased in 

ce11 size others graduai1 y fragrnented into an exceedingly high proportion of ce11 particles. 

The largest recorded K562 ce11 size was 32100 (a 40 p m  diameter) after 96 hr of 

dexrazoxane exposure. This corresponded to a 14-fold increase in volume compared to the 

mean ce11 volume of control cells. After 240 hr of continuous exposure to dexrazoxane, 

some cells were identified, microscopically to exhibit diameters of -100 Fm, a 230-fold 

increase in volume (see later, Fig. 3.14). Morphometric sizing analysis of dexrazoxane- 

treated K562 cells fiom two-dimensional photographie images was not conducted due to 

the difficulty of including the many fine particles within the analysis process. As a result, 

determinations of mean ce11 volume and diameter, at each time interval of dexrazoxane 

exposure could not be accurately resolved. 



Fig. 3.9. Size distribution histograms of derrazosane-treated KS62 cells. K562 cells 
were grown as a suspension culture seeded at 7x1 O* celldml and exposed to 100 FM 
dexrazoxane daily with media replacement. At indicated tirne intervals fiequency size 
distributions were generated by electronic Coulter counter sizing. For clarity, peak ce11 
counts were normalized to the undnigged control. Distributions are expressed relative to 
volume rneasurements on a Iogarithrnic scale (botrom x-ais) with approximate 
corresponding diameter values on a non-linear s d e  (top x-ais). The data obtained at 72 
hr was not plotted for clarity. 



3.33.2 Mean protein and DNA content levels in dexrazoxane-treated ceUs 

Over the first days of growth in the presence of dexrazoxane, as ce11 size began to 

increase, so too did the mean ce11 content levels of protein and DNA (Fig. 3.10a and 

3.1 Ob). The analyzed tirne period of 48 hr corresponded to approximately two complete 

rounds of ce11 cycling, assuming a normal doubling rate of -18 hr (see Table 3.4). 

Accordingly, with this duration of time mean protein and DNA content per million cells 

increased fiom controi leveis by 1.6-fold and 2.3-foid, respectiveiy with the inhibition of 

further ce11 division by dexrazoxane. When analyzed individually using an unpaired 

Student's t-test, the mean protein and DNA content per million cells at each time interval 

(N = 4) of exposure was significantly different (p < 0.001) fiom the mean content level of 

control unexposed ceil samples (N = 16). Afier a subsequent 120 hr of dexrazoxane 

exposure totaling 168 hr, mean protein and DNA levels ceased to increase fùrther and 

began to decrease. This result was presumed to be a consequence of progressive cell 

fiagrnentation and the use of a relatively low Coulter counter diameter cutoff (S 8.7 pm) 

which overestimated the number of actual whole intact cells. A closer examination of 

mean protein and DNA content levels of dexrazoxane-treated cells was obtained by 

plotting as a ratio of mean protein/DNA content vs. duration of exposure (Fig. 3.10~). 

ProteinDNA ratio values not only remained consistent over 168 hr of dexrazoxane 

exposure but were also very similar to control levels, thus indicating a continuai balanced 

form of growth. 
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Fig. 3.10. Mean protein and DNA content levels in K562 cells exposed to 
dexrazoxane. K562 cells seeded at 7x10' celldml were exposed to 100 FM 
dexrazoxane daily with media replacement (O). Control cells (a) seeded at 0 . 7 ~ 1 0 ~  
celldml were allowed to reach maximum ce11 density without intervention. Ce11 
densities were determined on a Coulter counter (100 Fm aperture, diameter cutoff z 8.7 
pm). Protein (a) and DNA (b) content levels per million cells were detexmined by a 
modi fied Bradford assay and a Hoechst dye fluorometric analysis, respective1 y. 
ProteinDNA ratios were determined for each time analyzed time interval (c). Data 
points represent the mean of 4 replicate samples f S.E. Asterisks (*) indicate a 
statisticall y significant difference @<0.00 1, unpaired Student 's t-test) tkom the mean of 
control unexposed K562 ce11 values. 



3.333 CeU cycle analysis of derrazosane-treateà K562 ceUs 

In order to gain M e r  insight into the effects of dexrazoxane on ceil cycling, 

which had lead to enlargement of some cells (Fig. 3 . 9  the distribution of DNA ploidy 

content in dexrazoxane-treated K562 cells was examined by flow cytometry. Consistent 

with the normal successive phases of a typical eukaryotic ce11 cycle, the DNA histograrn 

profile of untreated control KS62 cells exhibited a sharp GO/G 1 (2N, diploid) peak, an S 

phase, and a GZM (4N, tetraploid) peak (Fig. 3.1 1). The presence of a few untreated cells 

with octaploid (8N) DNA content was not surprising given the variable nurnber of 

chromosomes within this ce11 line [6 11 and relatively high percentage of doublet and triplet 

ce11 aggregates in this sample (Table 3.6). With increasing periods of dexraxoxane 

expûsure there appeared an increasing trend towards a high level of polyploidization (Fig. 

3.1 1). After 2 16 hr of daily dexrazoxane exposure, K562 cells with a DNA content as high 

as 32N were detected, indicative of four successive rounds of DNA synthesis. 

Microscopic examination of propidium iodide-stained cells revealed that very few cells 

were clumped together at these long tirne periods (Table 3.6). The relative percentage of 

cells possessing 8, 16, and 32N ploidy content gradually increased after 48 hr of 

dexrazoxane exposure (Table 3.7), consistent with the previously observed increase in ce11 

sizes (Fig. 3.9). Although there did not appear to be a clear progression towards a single 

high ploidy level (Table 3.7), perhaps due to ce11 cycle blockage at different stages, the 

appearance of higher multiples of normal diploid content indicated multiple rounds of 

DNA synthesis in the absence of ce11 division. This was M e r  confinned by the 

appearance of a somewhat unbroken S-phase(s), which may also be the result of cells 

cycling with intemediate irregular ploidy quantities. Finally, the continuous decay-like 



pattern between successive ploidy peaks can be attributed to the progressive fragmentation 

of dexrazoxane-treated K562 cells into particles of intermediate DNA content. 

Table 3.6. Percentage of cell aggregates contributing to flow cytometry analysis. 

Duration of Time 
dexrazoxane (hr) 

exposure 

Exposed daily O 
24 
48 
96 
168 
216 

Single Doublets Triplets Quadruplets Quintuplets 
cells (%) (%) (%) (04) 

(%) 

86.1 10.8 2.2 0.0 0.9 
93.6 6.0 0.4 0.0 0.0 
94.4 5.1 0.4 0.0 0.0 
99.0 1 .O 0.0 0.0 0.0 
99.5 0.5 0.0 0.0 0.0 
100.0 0.0 0.0 0.0 0.0 

Table 3.7. Cell cycle distribution of K562 cells continuously exposed to ICRF-187. 

Duration of Time I Ce11 cycle distribution (%) b 

dexrazoxane sub Gl 2N 4N 8N 16N 32N 

Exposed daily O 
24 
48 
96 
168 
216 

" Duration of exposure of cells to the dexrazoxane 

The ce11 cycle distribution was calculated by cornputer analysis fiom red (DNA) 
fluorescence histograms displayed in Fig. 3.1 1. The number of cells residing within each 
successive ploidy phase was approximated by first, assuming non-definable S phases and 
second, dividing the number of counted cells between successive valley region midpoints 
by the total overall number of cells analyzed. 



Fig. 3.11. Cell cycle analysis of KS62 cells exposed daily to dexrazoxane with media 
replacement. Cells were taken directly fiom suspension cultures at the indicated times, 
stained with propidium iodide and analyzed by flow cytometry as descnbed in Section 
3.3.2.5. Shown here is integrated red fluorescence on a logarittunic scale, reflective of 
increasing DNA content vs. the number of cells. The l e h o s t  peak in the control (O hr) 
culture represents GO/G 1 (2N) cells. Cells with twice the fluorescence o f  GO/Gl cells 
represent the G2M cells with tetraploid (4N) levels of DNA. At subsequent times, higher 
multiples of the GO/G 1 peak can be seen, representative of higher pioidy levels (8N, 16N, 
32N respectively). A total of 10,000 cells were analyzed per time interval. 



3.4 Examination of dmerentiation in dexrazoxane-treated KS62 ceils 

3.4.1 Introduction 

It has been well established that many compounds including topoisornerase II 

inhibitors are capable of inducing the expression of erythroid-like featwes in K562 cells 

[120]. One of the most cornmon means of identifjing this progression is to monitor the 

production of hemoglobin, using a benzidine stain to obtain population percentages 

[65,72,73,71], or to quantitate actual hemoglobin levels spectrophotometrically [70,65,71]. 

To this effect it was first examined whether dexrazoxane was capable of inducing the 

production of hemoglobin in K562 cells. Second, the relationship between dexrazoxane 

concentration and hernogiobin expression was M e r  investigated in combination with a 

ce11 counting analysis of cytotoxicity. Third, the effect of other bisdioxopiperazines, 

etoposide, and other known diffixentiation inducing compounds @MSO and hemin, Fig. 

3.12) on the growth and expression of hernogiobin in K562 cells was examined. And 

finally, using a flow cytometry immunofluorescence analysis the simultaneous expression 

of erythroid and megakaryoc yte antigens was examined. 

Hemin 
MW = 651 9 5  gfmol 

Dimethyl sutfoxide (DMSO) 
MW = 78.14 glmol 

Fig. 3.12. Chemical structure of hemin and DMSO. 



3.4.2 Materials and Methods 

3.4.2.1 Materials 

3.4.2.1. I Drugs, cherniculs, reagents, and monoclonal antibodies 

Dexrazoxane (zinecarda, dexrazoxane), and ADR-925 were gifts of Pharmacia & 

Upjohn (Columbus, OH, U.S.A.). Etoposide was obtained fiom Sigma Chemical Co. (cat 

No. E- 1383), ICRF- 193 and ICRF- 154 were synthesized previously in our laboratory. 

DMSO used to dissolve dmgs, 99.5% cat. No. D-5879), trypan blue dye (cat. No. T-6146), 

paraformaldehyde (cat. No. P-6148), benzidine dihydrochloride (cat. No. B-0386), were 

obtained fkom Sigma Chernical Co. (St. Louis, MO, U.S.A.). Acetic acid (1 N, cat. No. 

3 1,859-O), ammonium hydroxide (4.96 N, cat. No. 3 1,86 1 -2), and hydrogen peroxide 

(30%, cat. No. 21,676-3) were obtained fkom Aldrich Chemical Co. (Milwaukee, WN, 

U.S.A.). Dulbecco's phosphate buffered saline (PBS, cat. No. D-5652), DMEM (cat. No. 

12800-0 17), and fetal bovine semm @CS, cat. No. 26 140-079) were obtained fkom Gibco- 

BRL, Life Technologies Inc. (EBurlington, ON). Hernin (cat. No. 2203) was obtained fiom 

Eastman Kodak Co. (Rochester, NY, U.S.A.). Isoton II Coulter balanced electrolyte 

solution (cat. No. PN 8546719) was obtained fiom Bechan Coulter Inc. (Burlington, 

ON). Sodium chloride (NaCl, cat. No. AC-8304) was obtained fiom Anachernia Ltd. 

(Toronto, ON). Na2EDTA (99.5%, cat. No. 10093) was obtained fiom BDH Chernicals 

Ltd. (Toronto, ON). 

Al1 monoclonal antibodies (mAb) used to assess maturation level of K562 cells 

were mouse IgGl isotypes, obtained fiom Coulter-Immunotech (Burlington, ON), and 

stored at 2-8OC. The 1 1 E4B7.6 (KC 16) mAb (cat. No. IM22 12) conjugated to fluorescein- 



isothiocyanate (FITC) was specific for glycophorin A, a major transmernbrane 

sialogl ycoprotein expressed on r d  b l d  cells and erythroid precursors. The P2 mAb (cat. 

No. IM1416) conjugated to phycoerythrin (PE) was specific for CD41 or the gpIIb 

component of the gpIIb1IIla complex present on platelets and early promegakaryoblasts 

[36]. The 679.1Mc7 monoclonal antibodies (cat. No. IM1203) served as isotype control 

(IgG 1 -FITC / IgG 1 -PE) possessing irrelevant specificity. 

3.4.2.1.2 Prepuration of dmgs and reagents 

Dexrazoxane (MW = 268.28 g/mol) and ADR-925 (MW = 302.3 m o l )  were 

dissolved in ce11 culture medium ( D M E M C S )  and filter sterilized through a 0.2 pm 

acetate filter. Etoposide (MW = 588.6 @mol), ICRF-193 (MW = 282.3 g/mol), ICRF-154 

(MW = 254.25 @mol) were dissolved in 99.5% DMSO by brief sonication and heating in a 

37OC water bath and subsequently added to ce11 cultures at 0.5% (v/v) DMSO. DMSO was 

also exarnined by itself as a possible inducer of differentiation at a concentration of 1.5% 

(vlv) in DMEM/FCS. Hemin (MW = 651.95 g/mol) was prepared as a stock solution, 

dissolved in 0.134 M ammonium hydroxide and filtered sterilized through a 0.2 pm acetate 

filter. Trypan blue dye (0.6% wlv) was prepared by dissolving 0.6 g of dye in ddHzO 

containing 150 mM NaCl and 1 mM Na2EDTA. A 2% (wh) solution o f  paraformaldehyde 

was prepared in PBS (pH 7.2) by heating and stirring, followed subsequent cooling to 

room temperature. 



3.4.2 .2 Assessrnent of hemoglobin production 

3.4.2.2.1 Benzidine staining asay  fur hemoglobin expression 

The percentage of cells containhg hemoglobin was estimated by staining with 

benzidine [70]. A stock solution of 0.2% (w/v) benzidine dihydrochloride in 0.5 M acetic 

acid was prepared, and was stable for months at 4OC. For each estimation a fresh 0.4% 

(v/v) staining solution of 30% (v/v) hydrogen peroxide in the benzidine stock solution was 

prepared before use. Next, a one-tenth volume of the staining solution was added to the 

ce11 suspension to be tested, or 10 PL for every 100 PL ce11 suspension in DMEM/FCS. 

The mixture was then examined microscopically under a hemacytometer chamber after 

5 min under bright-field conditions. At least 500 cells of normal size or larger were 

counted per sample using a 40X objective lens for an accurate estimation of the number of 

benzidine-positive (blue) cells present. 

3.4.2.2.2 Spectrophutometric assay for hemoglobin ieves 

The absolute hemoglobin content in KS62 cells was assessed by aseptically 

removing 1x10' cells fiom culture and then washing twice with PBS by centrifugation at 

250 g for 12 min. Washed ce11 pellets were then resuspended in 0.2 mL PBS, lyzed by a 

minimum of 5-10 cycles of freeze-thawing behveen -80°C and 37"C, and centrifuged at 

16,000 g for 1 - 1 % hr so as to remove cell debris fiom analysis. The absorbante spectrum 

of 150 pL of supernatant was then determined on the Cary 100 spectrophotometer between 

350-550 nm by the addition to 450 pL of PBS, previously blanked. The instrument 



parameters used included: 15.0 nm/min scan rate, 0.5 nm data interval, 2.0 sec average 

time, double beam mode, and baseline correction. 

The spectral absorbance peak at 415 nm was previously confirmed to be 

representative of hernoglobin by comparing the 415/450 nm absorbance ratio of samples 

isolated fiom K562 and neonatal rat red b l d  cells to known literature values [71]. 

Spectral data of each determination was saved in a *.CSW foxmat, imported into 

SigrnaPlot, and displayed as 2 separate distributions, plot 1: 374459 nm (the isolated 

absorbance peak), plot 2: 350-373 and 460-550 nm. Background absorbance at 415 nrn 

was empirically calculated fiom a 2* order linear regression equation (y = Aa? + Bx + C) 

plotted to join adjacent sections of plot 2. Absolute hemoglobin content was then 

quantifiai at 415 nm in units of pg/ceLl afier subtraction of the calculated background 

absorbance assurning a molar extinction coefficient ( E )  of 125,000 ~ - ' c m - ' ,  path length (b) 

of 1 cm, and the molecular weight (MW) of hemoglobin as being 16,000 glmol [25,26,70]. 

The equation used to amive at this determination, and a sample calculation is as foliows: 

Table 3.8. Calculation of absolute hemogiobin content level in K562 celis. 

Beer's Law: A = E ~ C  (where c = @mnoglobin] in this case) 

Total no. celis 
sampled 

7.426E46 

~emoglob in]  = True Abs x Dilution x MW x Vol. PBS x 1 
~b ratio resuspended in Total no- cells 

Volume of PBS 
resuspended in 
(L), converted 

from pL 

1.826E-04 

- 

Dilution 
ratio in 
cuvette 
( P ~ W  

550 / 150 

True 
absoxaance 

(Peak - Calc.) 

0.089 

Peak 
absorbance 
at 4 15 nm 

0.197 

Calculated 
background 

absorbance at 
415 nm 

O. IO8 



[liemoglobin] = 0.089 x 550 x 16000 &mol x 1.826E-04 L x 1 
125000 ~ - ' c m - '  (1 cm) 150 7.426E+06 

= 1 .O x 1 0-l2 &el1 

= 1 .O pgkell 

3.4.23 Determination of relative positivity and absolute content levels of hemoglobin 
expression after exposure to derrazorane for various periods of time 

The objectives of these experiments were to examine the effect of various periods 

of dexrazoxane exposure on hemoglobin expression lwels in K562 cells. Exponentially 

growing K562 cells were diluted into 2 separate T-75 flasks at starting ce11 densities of 

0.8~ 1 o6 cells/mL in DMEM/FCS followed by the addition of a requisite stock solution of 

dexrazoxane at 4 0 %  (v/v) to produce a final concentration of 100 PM. A concentration 

of 100 FM dexrazoxane was adopted, as previously mentioned due to its efiectiveness of 

rernaining in unhydrolyzed, topoisornerase II inhibitory form in culture for long periods of 

time [72]. Cells in these 2 cultures were aseptically rernoved daily, centrifiged at 250 g 

for 12 min and resuspended in an appropriate volume of -80% fresh DMEM/FCS in an 

attempt to maintain ce11 densities approximately equivalent to that of before centrifbgation 

or sarnpling. This was followed by the subsequent re-addition of dexrazoxane, 

administered to the same concentration of 100 PM, and in the same fashion as before. At 

each 24 hr tirne intewal -1 x 10' cells were removed fiom the first culture, followed by the 

detemination of absolute hemoglobin content level, as described in Section 3.4.2.2.2. At 

indicated time intervals of 24,48, 1 20, 1 68 hr of wntinuous exposure, cells were rernoved 

fiom the second culture and seeded into T-75 flasks in k h  medium at ce11 densities of 

0.1-0.2 x 1 o6 celldml, total volume 20 mL. These separate cultures were allowed to grow 



without daily media çhanging, with the exception of cells removed at the 24 and 48 hr 

intervals of the experiment. Cells removed and re-seeded at these time periods eventually 

grew to a state just below maximum ceIl densiîy ( 4 x 1 0 ~  celldmL) at 96 and 168 hr, 

respectively at which time they were diluted again to 0 . 2 ~  106 celUmL. 

Ce11 densities were assessed daily by çounting on a mode1 Zf Coulter counter with a 

threshold setting of 7, 1 00 p m  aperture tube ( I/amp. = 2, 1 /ap.curr. = 8, diameter cutoff z 

8.7 pm). Final growth curves and doubling rates for cultures in which media was changed 

were determined afier nomalization for slight changes in ce11 densities and volumes, as 

previously describeci (Section 3.2.2.2.1). Ce11 viability was judged under a hemacytometer 

charnber by the ability of cells of normal size and larger to exclude 0.6% (w/v) trypan blue 

dye. The relative percentage of cells expressing hemoglobin was assessed by benzidine- 

positivity as previously described (Section 3.4.2.2.1). Finally, photographie images were 

taken after various periods of dexrazoxane exposure under a 10X and 40X objective Iens 

using a Nikon camera with Kodak 400 color film. 

3.4.2.4 Relating dexrazoxane-induced growth inhibition of K562 ceUs to a 
concentration dependency for hemoglobin expression 

The results of the previous experiment demonstrated that dexrazoxane, a known 

topoisornerase II inhibitory agent was able to induce hemoglobin synthesis in K562 cells. 

The purpose of the following experiment was two-fold. First, the objective was to 

establish whether a dexrazoxane concentration dependency relationship existed with 

respect to hemoglobin expression. And second, to attempt to correlate this relationship, in 



the same experiment with the growth inhibitory concentration (ICso) of dexrazoxane in 

K562 cells, which is reflective of topoisornerase II inhibition [72]. 

The primary difficulty in the design of this experiment centered around overcoming 

the eventual cytotoxic effect of dexrazoxane (see Section 3.2.3.1 ), yet still obtaining 

enough cells overall (-0.5-1x10' cells) afier 72 hr, at each tested drug concentration to 

properly assess absolute hemoglobin content. One of two options presented themselves: 

either seed for each tested dexrazoxane concentration at the same ce11 density but to 

different overall volumes, or seed the cells initially at a range of ce11 densities at much 

lower constant volumes. Although, the former protocol outlining the seeding of cells at the 

same ce11 density is usually the ideal prefmed method, the latter method was chosen for a 

variety of reasons. In particular, extraordinary amounts of dexrazoxane would have been 

required in the fkst protocol for obtaining high drug concentrations in large culture 

volumes. As weI1, the second protowl seemed more realistic given the fact that we had 

previously demonstrated, by benzidine-positive staining that relative hemoglobin 

expression was not dependent on the initial seeded ce11 density but rather on the 

consistency of dexrazoxane exposures (data not shown). 

Utilizing previously obtained 72 hr dexrazoxane cytotoxicity analysis data (Section 

3.2.3.3) as a template, the factor by which ce11 density would increase fkom the same initial 

levels to a period of 72 hr afier exposure, for a range of dexrazoxane concentrations was 

determined. For example, control O FM dexrazoxane-treated cells increased by 16-fold in 

72 hr (consistent with their doubling time of 18 hr), 10 p M  dexrazoxane-treated cells by 

13-fold, LOO p M  by 3-fold, 1000 p M  by 1 .5-fold, etc. Although cells subjected to high 

dexrazoxane concentrations would only marginally increase in ce11 number over 72 hr, it 



was decided not to seed these cells at densities above 0 . 5 ~ 1 0 ~  cells/mL. The premise was 

that this many cells in culture would begin to deplete glucose levels before 72 hr, thus 

playing an undesirable possible role in influencing either ceIl kill or hemoglobin 

production. 

In brief, for dexrazoxane concentrations of 0-5 p M  cells were seeded at 0 . 6 ~ 1 0 ~  

cells/mL, for 10 and 30 p M  at 0 . 7 5 ~ 1 0 ~  and 1 . 7 5 ~  10' cells/mL respectively, and for 

concentrations of 100-5000 p M  at 3 . 0 ~ 1 6  cellshL. A11 cells were seeded accordingly as 

single determinations to 14 mL in T-25 flasks, followed by the addition of 1 mL of the 

requisite stock solution of dexrazoxane to produce the desired final concentration. Cells 

were then cultured, as before for the duration of 72 hr, without any changing of  media. 

After this period of time ce11 densities were determineci on a mode1 Zf Coulter counter 

using a high threshold setting of 20, 100 pm aperture tube (l/amp = 2, l/ap.curr = 8, 

diarneter cutoff z 11.9 pm) in order achieve an accurate determination of the number of 

actual whole cells. Growth inhibition analysis and ICso values were determineci by plotting 

the factor of increase in ce11 density or C/C, (i.e. final ce11 densities (C) relative to initial 

seeded densi ties (C,)) versus the range of dexrazoxane concentrations tested. From the 

remainder of cells in each culture flask were resolved both the relative expression of 

hemoglobin by benzidine staining (Section 3.4.2.2. l), and the absolute hemoglobin content 

level spectrophotometrica1ly (Section 3.4.2.2.2). 

Non-linear, least squares fitting of the (i) factor of  ce11 density increase, and level of 

hemoglobin expression by (ii) benzidine-positivity and (iii) absolute content from 

absorbante at 415 nm versus dexrazoxane concentration was performed using a four- 

parameter logistic equation, y = (a - d )  / ( l + (x / cjb ) + d in SigmaPlot (Jandel Corp., 



San Rafael CA). In this equation y is either (i), (ii), or (iii), x is the concentration of 

dexrazoxane, c is median inhibitory concentration expressed ternis known as ICso in the 

case of (i), or DCso in the cases of (ii) or (iii), and b is a Hill-type exponential factor. In the 

detemination of ICso, a is the maximal value of (i) and d is the minimal value at the 

highest drug concentration. In the detennination of DCso using either (ii) or (iii) values, a 

is the minimal value, and d is the maximal value at the highest drug concentration. Values 

of ICso and DCso represent concentrations of dexrazoxane at which 50% growth inhibition 

and 50% differentiation occurs, respectively. 

3.4.2.5 Determination of relative positivity of bemogiobin expression after exposure 
to ADR-925, ICRF-193, ICRF-154, etoposide and other known inducers of 
K562 differentiation 

The purpose of the following experiments were to examine the possible induction 

of hemoglobin expression in K562 cells by a variety of other agents besides dexrazoxane, 

including the bisdioxopiperazines ADR-925, ICRF- 193, ICRF- 154, as well etoposide, 

DMSO, and hemin. Growth inhibition experiments conducted earlier by MTS analysis 

(Fig. 3.7) allowed for the determination of appropnate concentrations of ICRF-193, ICRF- 

154, ADR-925, and etoposide to assay for hemoglobin expression. Although sub- 

cytotoxic concentrations of etoposide [3,45], and dexrazoxane (Section 3 A2.4) have 

previously been shown to be capable of inducing hemoglobin expression, it was believed 

that concentrations within the range of the respective 1CS0 values of the above mentioned 

agents would optimally induce a high level of hemoglobin expression. 

Exponentiall y growing KS62 cells were diluted to staxting ce11 densities of 0 . 2 ~  1 o6 

celIs/mL in separate T-25 flasks and exposed d d y  with media replacement to either 5 FM 



ICRF- 193, 100 FM ICRF-154, 10 p M  etoposide, or 100 FM demoxane,  adrninistered 

from stock solutions, prepared as outlined in Section 3.4.2.1.2. The hydrolyzed form of 

dexrazoxane, ADR-925 was previously shown not to induce cytotoxic effects below 

concentrations of 1000 p M  (Fig. 3 3 ) .  Consequedy, a separate culture of cells were 

exposed once to 100 p M  ADR-925, an equivalent concentration to dexrazoxane. 

Additionall y, ce11 cultures were exposed once to either 1 -5% (v/v) DMSO or 30 FM hemin, 

prepared as desfnbed in Section 3 .4.2.1.2. These two agents differed from the previously 

mentioned compounds in that they are not inhibitors of topoisornerase II, but have been 

shown to be capable of inducing of megakaryocyte and erythroid-like differentiation in 

K562 cells, respectively at these concentrations [11,25,60]. Cs11 densities, viability, and 

hemoglobin expression through benzidine-positive staining were conducted as descnbed in 

the preceding section for al1 prepared cultures (Section 3.4.2.3). Final growth curves and 

doubling rates for these cultures were detennined afier normalization for slight changes in 

ce11 densities and volumes, as previously described (Section 3.2.2.2- 1). 

3.4.2.6 Fïow cytometry analysis of megakiryocyte and erythroid surface markers 
after immunofluotescence Iabeiing 

Exponentially growing cultures were diluted to starting ce11 densities of 5x10' 

cells/mL in T-75 flasks followed by the addition of 1-2 mL of the requisite stock solution 

of dexrazoxane to produce a final concentration of LOO FM (total volume of 15-40 mL). 

Separate cultures were prepared on subsequent days so has to have a range of treated cells 

(0, 24, 48, 96, 120 hr) ready for analysis on the same day. On a daily basis, cells were 

centrifugecl at 250 g for 10 min, resuspended in -80% fresh DMEM/FCS followed by the 



subsequent re-addition of dexrazoxane administered to the same concentration of 100 FM, 

and in the same fashion as before. 

To assess megakaryocytic and erythroid differentiation, ce11 surface expression of 

gl ycopro tein IIbAIIa (CD4 1 ) and gl ycophorin A, respective1 y were detected b y indirect 

immunofluorescence using flow cytometry. On the &y of analysis ce11 densities were 

deterrnined on a mode1 Zr Coulter counter with a threshold setting of 20, 100 Fm aperture 

tube (1 /amp = 2, l/ap.curr. = 8, diameter cutoff E 1 1.9 pm). Next, 4 x 1  O' cells were 

rernoved fiom each culture in duplicate (1 for isotypic control mAb and 1 for test d b ) ,  

centrifbged for 6 min at 250 g in microcentrifuge tubes, and then gently resuspended in 

150 pL of DMEM/FCS. To each control tube was added 20 pL of the isotypic control 

679.1 Mc7 mAb (IgGL-FITC I IgG 1-PE), and to the other tubes was added 20 PL of P2-PE 

mAb (anti-CD41), and 20 pL of 1 1 E4B7.6 (KC16)-FITC mAb (anti-GlyA). Each of the 

preceding samples were prepared in turn then lightly vortexed, and incubated on ice for 45 

min. Samples were then diluted to 2 mL with cold buffered DMEM/FCS, pelletted by 

centrifugation for 6 min at 250 g. This was followed by the removal of supernatants in 

turn, the addition of 350 pL of 2% (wh) fieshly prepared paraformaidehyde fixative in 

PBS, an immediate gentle vortexing, and storage on ice wrapped in aluminurn foi1 until 

anal yzed . 

Two-color analysis was conducted by Dr. Edward Rector on a highly modified 

EPICS V multiparameter flow cytometer (Coulter electronics, Hialeah, FL, U.S.A.) in the 

Department of immunology (University of Manitoba, Winnipeg, MB). The instrument 

was tuned to collect integrated green (FITC) fluorescence fiom -5 15-545 nrn, and 

integrated red (PE) fluorescence fiom -570-580 nm using 3.5-decade logarithrnic 



amplifiers. Bivariate flow cytometry data were separated into four regions (1-IV) for 

untreated and dexrazoxane-treated samples. Region 1 corresponded to cells which bound 

anti-CD41 but not anti-GlyA; Region II to cells which bound both anti-CD41 and anti- 

GlyA; Region III to cells which bound neither anti-CD41 or anti-GlyA; and Region IV to 

cells which bound anti-GlyA but not anti-CD41. The distribution obtained using the 

control primary rnAbs, for each analyzed time interval in turn was first adjusted to match 

the distribution using the test mAbs in Region III, considered to represent non-specific 

binding by setting the ce11 count in this region to 1% of the total ce11 count. The percent 

increase in specific fluorescence was derived from the difference between the two 

distributions, the distribution using the test mAbs (total fluorescence) and the distribution 

using the control mAbs of the same Ig subclass (fluorescence due to Fc receptor binding 

and other nonspecific fluorescence). This allowed for the determination of the percentage 

of doubly-positive cells (Region II), as well as the percentage of singly-positive cells for 

megakaryocyte and erythroid marker expression in Region 1 and IV, respectively. 



3.4.3.1 Hemoglobin expression levels in dexrazoxane erposed K562 ceUs 

Initially, it was noticed that 1 or 2 exposures to dexrazoxane was enough to induce 

a change in benzidine-positivity which increased in parallel to cells wntinuously exposed 

to dexrazoxane over the first 120 hr (Fig. 3. l k ) ,  with a minimal loss of viability (Fig. 

3.13b). However, as ce11 nwnbers proliferated exponentiaily upon transfer to fresh 

medium without dexrazoxane (Fig. 3.13a) the level of staining diminished back to pre- 

treatrnent levels of 0.3-0.5% staining within a few days (Fig. 3.13~). Daily exposure of 

K562 cells to dexrazoxane produced increased levels of benzidine-positive staining 

(expresseci as a percentage of the population) which eventually plateaued at -40% after 

240 hr (Fig. 3 .13~) .  In accordance with this result though, the actual number of viable 

benzidine-stained cells (as detennined from combining Fig. 3.13a and 3. I3b), remained 

fairly constant afier approximately 120 hr (Fig. 3.13d). This suggests, in contrast to what 

is infmed by Fig. 3 . 1 3 ~  that dexrazoxane commits K562 cells to irreversibly differentiate 

towards an erythroid-like Iineage irrespective of the duration of exposure or the growth 

rate of the culture. 

As dernonstrateci in Fig. 3.13a, and as shown previously (Fig. 3.5a) daily exposure 

of K562 cells to dexrazoxane ensures that ce11 division is completely halted. Growth rates 

and doubling times of cells exposed to dexrazoxane for various periods of time are 

displayed in Table 3.9. These values were computed using the single exponential rise 

equation C = Co e ", as previously explained (Section 3.2.2.2.2). Growth curves displayed 

in Fig. 3.13a suggest that the number of dexrazoxane exposures wmelates with the 



dwation of a partial lag phase of growth. When these cultures, removed after 24,48, 120, 

and 168 hr of dexrazoxane exposure were allowed to continue to grow in the absence of 

drug, ce11 growth was observed to eventuall y recuver to a state resem bling pre-treatment 

conditions (partially shown in Table 3.9). AAer various periods of dexrazoxane exposure 

percent viability diminished at a rate that was comparabIe, within reason to previous 

assessments (Fig 3.13b and 3 3 ) .  The results displayed here (Fig. 3.13b) suggest that if 

media is replaceci with daily dexrazoxane exposure then the viability of the culture does 

not decline quite as readily, compared to non-replacement conditions (Fig. 3 3 ) .  Any 

observed variance in viability between separately conducted experiments may be 

attributable to slightly different growth conditions, culture volumes, or to the 

centrifugation process incwed during media replacement which may have inadvertently 

w ashed away some non-viable cells. 

The benzidine staining observed was not restricted solely to those celts in the 

population which continued to enlarge in size. The degree of staining was differential, in 

that some cells stained darker that others (Fig. 3.14a and 3.14~).  This observation of 

hemoglobin production was not consistently correlated with ce11 size. Some cells would 

appear identical, for al1 purposes (Fig. 3.14a and 3.14b) with the exception that some 

would stain for hemoglobin, whereas others would not. The staining of hemoglobin 

seemed as well to be 1ocaIized around iobated regions in enlarged cells, and throughout the 

cytoplasm in srnaller cells. Finaily, some enlarged cells possessed no such lobular regions 

or hemoglobin staining (Fig. 3. Md). These particular cells were later confixmed to be 

apoptotic as seen by combining benzidine staining with DNA-binding fluorescent dyes 

(Fig. 3.22). Together these results suggest that the role of topoisornerase II inhibition with 



respect to differentiation induction may be indirect, in that a consistent correlation between 

ce11 enlargement and hemoglobin production was not observed. 

Although on a per ce11 basis the expression of hemoglobin was not consistent, a 

correlation did exist between the Ievel of absolute hemoglobin content and the number o f  

ce11 cyclings or length of growth. Absolute hemoglobin content level, as quantitated 

spectrophotometrically fiom spectra such as Fig. 3.15, showed that on average, hemoglobin 

content increased 10.3-fold afkr 120 hr of dexrazoxane exposure, fiom 0.89 f 0.29 pg/cell 

to 9.2 pg/cell (Fig. 3.16). Standard error values (N = 5) were only determined for controi 

sarnples. When anaiyzed by statisticai linear regression analysis, a highly significant (p < 

0.001) relationship was identified between the duration of dexrazoxane exposure and the 

increase in absolute hemoglobin content (Fig. 3.16). This relationship iùrther suggests a 

ce11 cycling dependency or regdatory process with respect to hemoglobin production. 

Table 3.9. Growth rates and doubling times of K562 ceïis exposed to dexrazoxane for 
various periods of tirne. 

Duration of dexrazoxane 

exposure 

None 
0-24 hr 
0-48 hr 

0-1 20 hr 
0-168 hr 

K S.E. C.V. t 

of') (%) Oir) 
3.54E-02 1 .ME-03 2.9 20 
2.82E-02 1.36E-03 4.8 25 
3.19E-02 2.23 E-03 7.0 22 
5.20E-03 6.14E-04 11.8 133 
7.41E-03 5.18E-04 7.0 94 



Fig. 3.13. Effect of desrazoune on the fraction of hemogiobin conîaining K562 
cells. K562 cells ( 0 . 8 ~  1 o6 cellimL) were treated daily to LOO ph4 dex-xane (a) with 
media replacement. Portions of cells were transferred to medium without dexrazoxane 
after 24 hr (V), 48 hr O, 120 hr (O), and 168 hr (A), and were grown in parallel to 
control untreated cells (0). On a daily basis samples were removed and (a) ce11 densities 
were determined on a Coulter counter (threshold of 7, 100 pm aperture, diameter aitoff z 
8.7 pm) followed by normalization. (b) Cell viability was assessed by trypan blue dye 
exclusion anal ysis. (c) K562 di fferentiation was assessed by benridine-positive staining 
of hemoglobin containing cell. (d) The actual number of viable benzidine-stained cells 
was determined by combining plots (a) and (c). 
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Fig. 3.14. Bright-Teld photomicrographs of benzidine-stahed KS62 ceUs after 240 hr 
(10 days) of daily exposure to dexrazoxane. After 240 hr of dexrazoxane exposure the 
diameter of some cells approached 100 Pm, as viewed under a 40X objective lens. This 
corresponded to a 230-fold increase in volume as compareci to the mean ce11 volume (Fig. 
3.9) of control untreated cells (bottom righr, inset). At each examined interval of 
dexrazoxane exposure the degree of benzidine-positivity diffmed. As some cells would 
stain for hemoglobin (A) others would not (B) and (D). in addition, the degree of staining 
differed between cells, as can be seen by comparing (A) and (C). Furthemore, ce11 size 
and morphology did not necessarily predispose positive-staining for hernoglobin. This can 
be seen by a cornparison of some cells which possessed what looked to be lobular regions 
around the periphery of the cell, (A) and (B). 
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Fig. 3.15. Spectral properties of human hemoglobin from KS62 cells. Absolute 
hemoglobin content of -0.8~10' K.562 cells was analyzed after (a) O hr and (b) 96 hr of 
daily exposure to dexrazoxane with media replacement. Both spectra reveal absorbance 
peaks at 415 and 541 nm characteristic of Hb02. True absorbance at 41 5 nm was 
determined by subtraction of an ernpincally calculated background absorbance (using a 
quadratic equation), fiom the overall peak absorbance. 
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Fig. 3.16. Evaluation of absolute hemoglobin content in K562 ceils exposed 
continuous to dexrazoxane. KS62 cells were exposed daily to 100 pM dexrazoxane 
with media replacement. At indicated periods of time ce11 densities were detennined on a 
Coulter counter (threshold of 7, 100 pm aperture, diameter cutoff z 8.7pm) and 4 . 8 ~  10' 
cells were removed, washed with PBS and lyzed through fieeze-thawing. Hemoglobin 
content levels were determined spectrophotometrically on ce11 lysate supernatants by 
absorbance measurement at 415 nrn and subtraction fiom an ernpincally calculated 
background absorbance assuming a molar extinction coefficient of l25,OOO ~ ' c m - '  and 
MW of 16,000 g/mol. As demonstrated by statistical linear regression analysis a highly 
significant relationship (p<0.001) was identifid. 



3.4.3.2 Dexrazoxane dose response cuwesi with respect to growtb inhibition and 
hemoglobin expression 

Dependent variables displayed in Fig. 3.17 were the result of single 

detenninations. The calculated ICso value of 13.8 + 1.3 p M  by the method used herein is 

in strong agreement with previously determined dexrazoxane 1C50 values by such methods 

as MTS and ce11 counting anaiysis (Table 3 . 9 ,  whereby observed cytotoxicities can be 

related to the inhibition of topoisomerase II [72]. The concentration of dexrazoxane at 

which 50% erythroid-like differentiation occurs, as detennined by the level of hemoglobin 

expression was termed DCso. By drawing cornparisons to corresponding ICso values (Fig. 

3.17c), DCso values were used only in the context of this thesis in an attempt to correlate a 

relationship between hernoglobin production and the catalytic inhibition of topoisomerase 

II by dexrazoxane. Open circle data points displayed after 1000 p M  dexrazoxane by 

benzidine-staining anal ysis (Fig. 3.17a), and after 100 pM dexrazoxane by spectrophoto- 

metric analysis (Fig. 3.17b) were excluded fiom the determination of DCso values. At 

extremely high dexrazoxane concentrations representative high levels of hemoglobin 

expression were not seen. This was possibly due to a leakage of hemoglobin Çom these 

cells as the chelation of divalent cations by the hydrolyzed product of dexrazoxane induced 

a high level of cytotoxicity. in spite of these complications, DCso values of 90.5 f 11.3 

pM and 12.2 f 3 1.6 p M  dexrazoxane were approximated fiom benzidine-staining and 

spectral hemoglobin analyzes, respectively. The dose-respnse curve fiom benzidine- 

staining (Fig. 3.17a) appeared to lag, as compared to spectral hemoglobin analysis (Fig. 

3.1%) tbus resulting in a higher DCso value. This result was in part attributable to the 

accuraçy in scoring intact benzidine-positive cells amongst a highly fiagmented ce11 



population, and the difficulty in detecting faintly st;iined cells with extremely low 

hemoglobin expression levels. Overall, the above results suggest the existence of  an 

dexrazoxane dose-dependency e f f '  with respect to hemoglobin expression which may 

directly conelate to its method of action in terms of topoisornerase II inhibition. 

3.43.3 Hemoglobin expression leveb afier exposure to other bisdioxopiperzines, 
etoposide, and known inducers of K562 difierentiation 

The effects caused by dexrazoxane on K562 cells in temis of proliferation, viability 

and benzidine-positivity were additionally compared to those caused by other 

topoisornerase II inhibitors and known inducers of di fferentiation. Exposure of K562 cells 

to 100 pM ADR-925, the non-topoisornerase II inhibitory hydrolyzed form of dexrazoxane 

[72], resulted in a form of ce11 proliferation comparable to untreated cells (Fig. 3.18a). In 

contrast to its unhydrolyzed fom, ADR-925 did not efkct ce11 morphology or ce11 size, 

and hemoglobin production was not induced (Fig. 3.18~). Other compounds similar in 

structure to dexrazoxane were also tested, which included ICRF- 193 and ICRF- 154. 

Previously, it has been shown that of these non-cleavable complex fonning topoisomerase 

II inhibitors, ICRF- 193 is the strongest and most potent [72,73]. Slightly cytotoxic 

concentrations of these compounds were chosen after MTS cytotoxicity analysis (Fig. 3.7) 

on the premise that higher benzidïne-positivity levels would result in a similar manner as 

had occurred at such concentrations of dexrazoxane. As a consequeme, both agents 

displayed similar morphological changes in the cells, as previously mentioned with respect 

to dexrazoxane exposure. Exposure to 5 pM ICRF-193 resulted in a significant inhibition 

of ce11 division (Fig. 3.18a). This was accompanied by a level of benzidine-positivity of 



- 1 5 % after 96 hr compareci to -24% with dexrazoxane (Fig. 3.1 8c). Ce11 proli feration in 

the presence of ICRF- 154 increased marginally over the same period of time, accompanied 

by an increase in benzidine-positivity of only 4%. The closed-clamp topoisomerase II 

inhibitor etoposide, which generates DNA strand breaks through its mode of 

topoisomerase II inhibition 1741 was shown to decrease ce11 number more readily than any 

of the other agents when used at a sirnilady chosen cytotoxic concentration of 10 FM (Fig. 

3.18a). The observed changes in morphology and levels of benzidine-positivity attained 

were strikingly similar to those induced by dexrazoxane, and consistent with previously 

used concentrations 1451. 

DMSO was used as a negative control for the induction of erythroid differentiation. 

When exposed to 1.5% (v/v) DMSO K562 cells have been shown to produce some 

antigenic determinants of megakaryocytes while decreasing the production of hemoglobin 

and other erythroid markers [ 1 1 1. Proliferation and benzidine-positivity rernained 

indistinguishable from control cells (Fig. 3.18% c), although a partial reduction in ce11 size 

was observed. Exposure of K562 cells to 30 FM hemin, a known effective non- 

topoisomerase II, non-cornmitment inducer of erythroid-like differentiation [9,19,26] 

resulted in a partial inhibition of proliferation (Fig. 3.18a), some cellular fkagmentation, 

and a marginal increase in cell size. Upon exposure to hernin benzidine-positivity 

increased to -12% by 100 hr (Fig. 3.18c), as similarly seen elsewhere [19,25,45,60]. 

However, repeated trials of hemin exposure revealed benzidine-positivity increments to 

-5-8%, accompanied by a more attenuated inhibition of ce11 division. Ce11 Mability 

declined at a relatively equivalent rate in al1 instances in which cells were exposed to 

agents of known topoisomerase II inhibitory fùnction (Fig. 3.1 Sb). 



Fig. 3.17. Concentration dependency of dexrazoxane induced erythroid-like 
differentiation of K562 cells. K562 cells (0.6-3.0~10~ cellimL) were grown in T-25 
flasks and exposed once to vanous concentrations of dexrazoxane. After 72 h r  of 
exposure differentiation was assessed by (a) benzidine staining, and @) 
spectrophotometric quantitation of hemoglobin levels. DCso values are reflective of 
dexrazoxane concentrations at which 50% differentiation has occurred relative to the 
duration of exposure. Open circle data points (O) were not used in the determination of 
these values, by a 4-parameter logistic equation as it was believed that chelation of 
divalent cations lead to the reduced hemoglobin accumulation at these concentrations. 
(c) A dexrazoxane dose response curve was constructed, using the  factor of ce11 density 
increase fiom Coulter counter analysis (threshold of 20, 100 Pm aperture, diameter cutoff 
z 12.9 pm). IC50 is reflective of the dexrazoxane concentration required to inhibit the 
growth of cells by 50%. 
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Fig. 3.18. Effects of various agents on hemoglobin production in K562 cens. 
Untreated cells (a) were seeded at 2.1 x 1 O* cells/mL and treated once with 30 p M  hemin 
(O), 1.5% DMSO (O), or 100 pM ADR-925 (.). Other cells were treated daily with 
100 p M  dexrazoxane (V), 5 p M  ICRF-193 (V), 50 p M  ICRF-154 (A), or 10 p M  
etoposide (A) with media replacement. At indicated tirnes, sarnples were removed and 
(a) ce11 densities were determined on a Coulter counter (threshold of 20, 100 pm aperture, 
diameter cutoff z 11.9 pm); (b) viability by trypan biue dye exclusion analysis; and (c) 
ce11 differentiation by benzidine staining for hemoglobin expression. 



3.43.4 Flow cytometry immunofluorescence analysis of megakaryocyte and 
erythroid antigen expression 

Megakaryocytic and erythroid specific monoclonal antibodies were used to study 

the induction of differentiation of K562 ce11 cultures in the presence of dexrazoxane (Fig. 

3.19). When cornpared to the non-specific binding of isotypic control rnAbs, untreated 

K562 cells stained with anti-CD41 mAb were show to be unreactive (Fig. 3.19a and 

3.19b). A marginal difference in the percentage of positive cells in region IV of 0.13% 

indicated that perhaps a very small hct ion of these untreated cells constitutively expressed 

the erythroid marker, glycophorin A, in direct correlation with previous results of 4% 

benzidine-positive staining (Fig. 3.1 3 and 3.1 8). Dexrazoxane treatment greatly increased 

the number of glycophorin A-specific cells afier 96 hr of dexrazoxane exposure as seen by 

the relative number of fluorescent-stained cells depicteci in region N of Fig. 3.196. 

Correspondingl y, as show in Table 3.1 0 the percentage of gl ycophorin A-positive cells 

increased 85-fold relative to isotypic controls fiom 0.13- 1 1.00% by 96 hr. in contrast, the 

percentage of cells staining for expression of the gpIIbAIIa megakaryoc ytic antigen, either 

alone (region I) or in combination with glycophorin A (region II) remained unchanged 

over the entire treatment period (Table 3.1 0). Only a mal1 insignificant 0.07% increase of 

megakaryocytic expression was identified in region 1 afier 96 hr of exposure, which in al1 

likelihood could be attributed to ce11 clumping. When the above experiment was repeated 

at a later date very similar results were seen (data not shown). Overall these results 

suggest that although K562 cells differentiate in the presence of dexrazoxane in an 

erythroid-like fashion, they do so in the absence of an increase in megakaryocytic features. 
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Fig. 3.19. Fiow cytometry analysis of giycophorin A and gpIIb/IUa antigens on single 
K562 celis with exposure to dexrazoxane. Untreated K562 cells (A and B) were exposed 
daily to 100 p M  dexrazoxane with media replacement for 96 hr (C and D). Cells were 
analyzed with speci fic primary antibodies ( 1 1 E4B7.6 for gl ycophorin A and PZ for 
gp1IbAIIa in B and D) or with control primary antibodies (nonimmune IgG 1 -FITC / IgG 1- 
PE in place of both specific antibodies in A and C). Displayed horizontally is log green 
fluorescence, detecting FITC-conjugated anti-IgG 1 binding 1 1 E4B7.6. Displayed 
vertically is log red fluorescence, detecting phycoerythrïn-wnjugated anti-IgG1 binding P2. 
Each bivariate detennination has been divided into regions 1-IV as follows: 1, binding P2 
only; U, binding both 1 1 E4B7.6 and PZ, III, binding neither primary antibody; and IV, 
binding 1 1 E4B7.6 only. 
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Table 3.10. Percent increase of fluorescence in lineage-specific mAb staining on K562 
celis after various periods of dexrazoxane exposure. 

Duraîion of  dexrazoxane exposure (hr)* 
Antibody 

O 24 48 % 120 

* The percentage increase in specific fluorescence was derived tiom the difference 
between the distribution using the lineage-specific mAbs and the distribution using the 
isotypic control mAbs of the same Ig subclass for each analyzed time interval in tum. 



3.5 Examinatlon of apoptosis in K562 ceUs treated with dexrazoxane and other 
topoisornerase II inhibitors 

3.5.1 Introduction 

Accumulating evidence suggest that the regulation of a ce11 cornmitment to death is 

an essential component of malignant cells sensitivity to chemotherapeutic agents 1531. 

Taking into account the aforementioned observations of K562 erythroid-like differentiation 

induced by dexrazoxane it is important to consider that these results may have been a first 

level response to topoisornerase II inhibition. The observed eventual firagmentation of 

cells may likely have been attributed to a form of ce11 death h o w n  as apoptosis. The lack 

of spontaneous ce11 death upon dexrazoxane exposure, as will be discussed fùrther may 

simply have been due to the length of  the ce11 cornmitment process ancilor the degree of 

sensitivity inherent to K562 cells. 

in the following section, attributes of apoptotic induction by dexrazoxane, and to a 

lesser extent ICRF- 193 and etoposide were investigated. Ce11 death can commonly occur 

by two basically different processes, apoptosis or necrosis. As mentioned previously, 

apoptosis is an intrinsically controlled process in which a ce11 actually commits suicide in 

response to particular modifications in its environment [75]. The process of apoptosis is 

defined morphologically by ce11 shrinkage, as water is extnided in an energy dependent 

manner requiring intact mitochondria. This is followed by nuclear condensation of 

chromatin into a specific pattern, endonuclease-mediated cleavage of cellular DNA, release 

of apoptotic bodies, and the eventual lysis of the plasma membrane [55 J .  In contrast, 

necrosis is considered a passive uncontrolled phenornenon. This process is characterized 

by a destructive series of events which include swelling of the ce11 and mitochondria, 



nonspecific degradation of DNA, and the immediate loss of plasma membrane integrity 

[75,76]. 

Over the course of this study the induction of apoptosis was quantified by a number 

of different methods. An analysis of intemucleosomal DNA fragmentation by agarose gel 

electrophoresis provided a convenient marker for identifjmg the progression of apoptosis. 

The use of fluorescence DNA-binding dyes allowed for the direct examination of cells in 

order to identie morphological characteristics of apoptosis and necrosis, and to quanti* 

their proportion over the course of the treatment period. FinalIy, flow cytometry was used 

for two purposes. First, the detection of the light-scattering properties of cells allowed for 

quantitation of changes in ce11 size and granularîty that occur during apoptosis when water 

is lost. And second, flow cytometry permitted the detection of apoptotic bodies that 

contained sub-diploid (sub-GO/G 1) amounts of DNA after staining with propidium iodide, 

a DNA-binding fluorophore. 

3.5.2 Materials and Methods 

3.5.2.1 Materials 

Dexrazoxane (~inecard" dexrazoxane) was a gift of Phamacia & Upjohn 

(Columbus, OH, U.S.A.). Etoposide (cat No. E-1383) and camptothecin (cat No. C-991 l), 

were obtained from Sigma Chernical Co. ICRF-193 was synthesized previously in our 

laboratory. DMSO (99.5%, cat. No. D-5879), benzidine dihydrochlonde (cat. No. B- 

0386), ethidium bromide (95%, cat No. E-8751), acridine orange (cat No. A-6014), 

bromophenol blue sodium salt (cat. No. B-8026), proteinase K (stored at -20°C, cat. No. P- 



2308), RNase A (stored at -20°C, cat. No. R-5503), N-lauryl sarcosine (sarkosyl, cat. No. 

L-5125), Tris-base (ragent grade, cat. No. T-1503), Larnbda BstE II digest molecular 

weight markers (cat. No. D-9793), propidium iodide (cat. No. P-4170), and 8- 

hydroxyquinoline (cat. No. H-6878), were obtained h m  Sigma Chernical Co. (St. Louis, 

MO, U.S.A.). Triton X-100 (cat. No. X198-51, and iso-amyl alcohol (cat. No. 9038) were 

obtained fiom J.T. Baker Chemical Co. (Phiilipsburg, NJ, U.S.A.). Hydrogen peroxide 

(30% v/v, cat. No. 21,676-3) was obtained f?om Aldrich Chemical Co. (Milwaukee, WN, 

U.S.A.). Dulbecco's phosphate buffered saline (PBS, cat. No. D-5652), DMEM (cat. No. 

12800-017), fetal bovine s e m  (FCS, cat. No. 26140-079), and agarose (ULTRAPURE, 

cat. No. 1 55 10-0 19 were obtained fiom Gibco-BRL, Life Technologies Inc. (Burfington, 

ON). Cover g las  slips (22x22 mm, no. 1 %, cat. No. 12-541B), glass slides (75x25 mm, 

cat. No. 12-550A), and sodium acetate (cat. No. S-2098) were obtained fiom Fisher 

Scientific (Fairlawn, NJ, U.S.A.). Isoton II Coulter balanced electrolyte solution (cat. No. 

PN 85467 19) was obtained fkom Beckman Coulter Inc. (Burlington, ON). Glacial acetic 

acid (3 N, cat. No. 250 l), phenol loose crystals (cat. No. UN 167 1 ), and chlorofom (cat. 

No. 4440) were obtained fkom Malhckrodt Specialty Chemicals Co. (Paris, KT, U.S.A.). 

Hydrochlonc acid (1 1.6 M HCl, cat. No. C9800-10) was obtained fiom Baxter Corp. 

(Toronto, ON). Sodium chioride (NaCl, cat. No. AC-8304), and boric acid (cat. No. AC- 

1308) were obtained fiom Anachemia Ltd. (Toronto, ON). Sucrose (cat. No. B 10274), and 

NalEDTA (99.5%, cat. No. 10093) were obtained fiom BDH Chemicals Ltd. (Toronto, 

ON). 



Characteristics of apoptosis in K.562 cells exposed to dexrazoxane were examined 

by use of DNA fluorescent stains, agarose gel electrophoresis, and flow cytometry. Cells 

exposed either to ICRF-193 or etoposide were examined only for attributes of DNA 

fragmentation by agarose gel electrophoresis. Dexrazoxane was dissolved in DMEM/FCS 

and filter sterilized through a 0.2 pm acetate filter. Etoposide, and ICRF-193 were 

dissolved in 99.5% DMSO by brief sunication and heating in a 37°C water bath. 

Exponentially growing K562 cells were diluted to starting ce11 densities of 5x1 0' 

cells/mL in D M E W C S  followed by the addition of a requisite stock solution of 

dexrazoxane at 4 0 %  (v/v) to produce a final concentration of 100 p M  (total volume of 

15-40 mL). Sîmilarly, ICRF-193 and etoposide were added to separate cultures of 

identical volumes fiom prepared stock solutions such that final concentrations would be 5 

and 10 PM, respectively. The amount of contributing DMSO, within which these drugs 

were dissolved was kept constant at 0.5% (dv). On a daily basis, cells were centrifugeci at 

250 g for 12 min and resuspended in an appropriate volume of -80% fresh DMEM/FCS in 

an attempt to maintain ce11 densities approximately equivalent to that of before 

centrifügation or sampling. This was followed by the subsequent re-addition of 

dexrazoxane, ICRF- 193, or etoposide, administered to the same concentrations and in the 

sarne fashion as before. Ce11 densities were monitored daily by counîing on a mode1 & 

Coulter counter with a threshold setting of 20, 1 O0 p m  aperture tube (1 /amp. = 2, 1 /ap.curr. 

= 8, diameter cutoff z 1 1.9 pm). 



3.5.23 Quantitation of apoptosis and ceU viability using fluorescent dyes 

The following protocol was utilized so as to visualize, photograph, and count cells 

with aberrant chromatin organization and other morphological features characteristic of 

apoptosis and necrosis after the introduction of fluorescent DNA-binding dyes [75,77]. 

3.5.2.3.1 Preparation of working dye solution, conirols, and sampies 

Working dye solution: A working dye solution of ethidium bromiddacridine orange (100 

pg/mL) was prepared by adding 5 ML acridine orange (10 mg/mL) and 5 PL ethidiurn 

bromide (10 mg/mL) to 490 pL of PBS and was stored at 4OC. 

Benzidine stock solution: A stock solution of 0.2% (wlv) benzidine dihydroc hloride in 0.5 

M acetic acid was prepared, and was stable for months at 4OC. For each estimation a fiesh 

0.4% (v/v) staining solution of 30% (vlv) hydmgen peroxide in the benzidine stock 

solution was prepared before use. 

Apoptotic and necrotic controls: Apoptotic control samples were prepared by exposing 

both K562 and CHO cells twice to 10 FM carnptothecin at 0, 24 hr. A camptothecin stock 

solution of 2000 pM was prepared by dissolving in 99.5% DMSO followed by the addition 

of 50 pL to 9950 pL culture volumes in T-25 flasks at 0.5% (vlv). At the time of initial 

exposure K562 ce11 density was approximately 5x10' cells/mL, and the CHO culture was 

approximately half-confluent (i.e. 5x10~ cells). Necrotic controls were prepared by 

resuspending 4 x 1 0 ~  exponentially growing K562 cells in 4 mL of cold 70% (vh) ethanol 

ovemight at - 20°C. 



Sample prepamtion: In brief, cells were çollected after different periods of dexrazoxane 

exposure, or h m  prepared control samples and pelleteci by centrifbgation at 250 g for 6 

min to -lx 1 o6 cells/mL. Then 4 PL of the working dye solution was added to 100 pL of 

ce11 suspension, mounted on a glass cover slide, and examined under a 40X objective lem 

by fluorescence microscopy employing an XF-19 filter set (Omega Optical, Brattleboro, 

VT, U.S.A.). 

The optimal procedure for sample rnounting first involved the application of tiny 

droplets of Vaseline ont0 the four corners of the glass cover slip. This was followed by the 

addition of 10 pL of the sample ont0 the middle of the cover slip, cautiously lowering the 

glass cover slide ont0 the cover slip at a 45' angle, then turning the entire preparation right- 

side up and applying light even streaks of nail polish dong the edges of the g las  mver slip 

to prevent premature evaporation. 

In order to examine whether hemoglobin was expressed in cells displaying 

characteristic features of apoptosis the benzidine-staining assay and the following method 

of apoptosis identification were combined. AAer 96 and 168 hr of daily exposure to 

dexrazoxane K562 ce11 samples were collecteci and concentrateci as described above. To 

100 PL of ce11 suspension was added 10 pL of benzidine stock solution. This was 

followed by the addition of either 4 pL of acridine orange (10 mg/mL), or 4 pL of working 

dye solution, with the former producing the best fluorescence clarity. SampIes were 

mounted ont0 glass cover slips, as previously described and exarnined under a 40X 

objective by fluorescence and bright-field microscopy with the same filter sets as before. 



3.5.2.3.2 Criteria and rnethod of apoptosis and viabiiity quantitation 

The premise behind the use of such fluorescent dyes is as follows. Acridine orange 

(AO) is membrane permeable dye taken up by cells which may or may not possess an 

intact membrane, causing them to appear green af'ter intercalation into double-stranded 

DNA. In addition, acridine orange binds to RNA and single-stranded DNA staining red- 

orange. Ethidium bromide (EB) is a membrane impermeable dye which enters only cells 

possessing damaged outer membranes, and causes them to appear orange afier intercalation 

into double-stranded DNA, thus overwhelming acridine orange fluorescence. The integrity 

of the membrane and hence viability of the ce11 was therefore determined by the wlor of 

the chromatin, green for viable, orange for non-viable. 

Disceniment between apoptotic and non-apoptotic cells was based on the 

morphology of cellular chromatin. Apoptotic cells were identified by the presence of 

condensed fragmented nuclei, slight cytoplasmic shrinkage in some casa, and extremely 

bright condensed chromatin spread around the periphery of the nucleus or present as 

groups of bright featureless spherical beads [75]. Late stage chromatin-fiee apoptotic cells, 

which had totally lost their DNA content were identified by very weak green-orange 

staining. Non-apoptotic cells exhibited a diffuse fluorescence in nuclear region and an 

ordered fonn of chromatin condensation, consistent with normal ce11 division. 

A minimum of 600 total cells were counted by fluorescence microscopy per sample 

such that only those cells of nomal ce11 size and above were included. Based on the 

various morphological appearances, chromatin structures, and membrane integrity 

observeci the percentage of each ceIl type was detemiinad with respect to the total number 

of cells counted (Le. %VNA = number of VNA cells / total ceil count x 100%). Initiaily, 



the number of cells of each of the following four cellular states were counted: (i) VNA, 

viable cells with green non-apoptotic chromatin/nuclei and di ffise fluorescence intensitr, 

(ii) VA, viable cells with green apoptotic chromatin/nuclei; (iii) NEC, necrotic or non- 

viable cells with orange normal chromatin/nuclei and d i f i e  fluorescence; (iv) NVA, 

non-viable cells with orange apoptotic chromatuunuclei. Subsequently, the total 

percentage of the following general states were detemined by combining the above 

mentioned percentages: apoptotic cells b y combining (ii) and (iv); non-apoptotic cells 

from (i) and (iii); viable cells from (i) and (ii); non-viable celIs f?om (iii) and (iv). 

Photographs of cells were taken using a Nikon camera mounted on a photomicroscope 

with epi fluorescence attachment. Kodak Ektachrome (Eli techrom) 400 daylight color slide 

film was used with the following settings under a 40X objective lem: shutter control on, 

step setting of + 1, set tirne of 4 sec, actud exposure time -1 0 sec. 

3.5.2.4 Detection of internucleosomal fragmentation of genomic DNA by agarose gel 
electrophoresis 

3.5.2.4.1 Exfiaction and precipitation of genomic DNA 

Lysis buffer: This solution contained 50 mM Tris-base (MW = 12 l.lg/mol), 10 rnM 

NazEDTA (MW = 372.24g/moI), and 0.5% (wlv) N-lauryl sarcosine (sarkosyl) dissolved in 

ddHzO and was stored at 4°C. Just prior to use, 1 mg of proteinase K was added to 1 mL 

of this solution to produce a concentration of 0.5 mg/mL proteinase K in lysis buffer. 

DNase-fiee RNase A: It was necessary to ensure that prepared solutions of RNase A (0.5 

mg/mL) were fiee of contaminating DNA digestive nuclease enzymes. This was achieved 



by dissolving 0.5 mg RNase A in 1 mL lysis buffa, followed by boiling for 5 min in a 

beaker of ddH20 for 5 min. 

Buffering phenol and preparation of 25:24: 1 phenol~chlorofom/isoamyl alcohol: Into a 

200 mL giass beaker containhg a stir bar and 0.1 g of 8-hydroxyquinoline was added 

100 mL of liquefied phenol (melted in a water bath at 6S°C). Next, 100 mL of 50 d4 

Tris-base (unadjusted pH -10.5) was added, the beaker was covered with aluminum foil, 

and stirred for 10 min at low speed in the h e  hood. Afier the phases were allowed to 

separate at room temperature the aqueous phase was decanted as waste, folIowed by the 

addition of 100 mL of 50 mM Tris-HC1 (pH 8.0). These last few steps were repeated twice 

with successive stimng, decanting, and addition of 100 mL of 50 m M  Tris-HCl. Finally, 

50 mL of 50 mM Tris-HC1 was kept on top of the buffered phenol, and the entire mixture 

was transferred to a brown glas  bottie, wrapped in aluminum foil, and was stored at 4OC. 

For use in DNA purification, 25 volumes of phenol was mixed with 24 volumes of 

chloroform, and 1 volume of isoamyl alcohol(25:24: 1). 

TE Buffet-: This solution contained 10 mM Tris-base and 1 mM Na2EDTA, titrated to a pH 

8.0 with concentrated HCl, and stored at 4OC. 

At specified intervals following treatment with dexrazoxane, ICRF- 193, or 

etoposide, -6x 106 cells were pelleted and washed mice with PBS by centrifugation at 250 

g for 12 min. Ce11 pellets were then resuspended in 400 pL of lysis buffer (1 0 mM 

Na2EDTA, 50 mM Tris-base, pH 8, 0.5% (wh) sodium lawyl sarcosine, 0.5 mg/mL 

proteinase K) in microcentrifuge tubes and incubated for 1 hr at 50°C. This was followed 

by the addition of 200 pL of DNase-fiee RNase A (0.5 mg/mL) and an additional 1 hr of 

incubation at SO°C. Next, genomic DNA was extracted by adding 600 PL of 



phenol/chlorofomi/isoarnyl alcohol (25/24/ 1 ), inverting gent1 y several thes, centri fuging 

5 min at 11,000 g to ensure optimal separation of organic/aqueous phases, and careful 

rernoval and tramfer of 400 pL of the aqueous phase to a separate microcentrifuge tube. 

If any white precipitate was transferred, subsequent extractions were performed in an 

identical rnanner. This was followed by the addition of 1110~ volume of 3 M sodium 

acetate (pH 5.2), 2 volumes of ice-cold 100% ethanol, brief gentle inversion, and 

incubation overnight at -20°C. Sarnples were then pelleted by cold centrifugation at 

1 1,000 g for 20 min, au dried for 15-30 min, and resuspended in TE buffer (-100 PL) by 

gentle flicking of the tube andlor bnefly heating at 6S°C for 5 min. 

3.5.2.4.2 Quantitation of DNA using absorption specmscopy 

In order to assess the purity and concentration of the DNA sample preparations 

prior to loading ont0 an agarose gel the absorption of each sample was measured at two 

different wavelengths. A2- measurements are quantitative for relatively pure nucleic 

acid preparations in microgram quantities. Although absorbancy readings cannot 

discriminate between DNA and RNA, the ratio of A260nm/A280mn can be u s 4  as an indicator 

of nucleic acid purity. For exarnple, proteins have a peak absorption at 280 nm that will 

reduce the A260nm/A280nm ratio. 

The Cary 1 UV-VIS spectrophotometer (Varian Austrdia Pty. Ltd.) was allowed to 

warm up and after selecting the Cary100 instrument type the <Simple Reade software 

program was uiitiated under c:\CaryWinUV. On the menu bar was selected <setup>, then 

<Read Mode>, <User C o l l ~ ,  and h m  the &op down menu <Read(260)/Read(280)> 

with <Y mode: Abs>. The above 'User Collect' statement causes the instrument to first 



take a reading at 260 nm, then change to 280 nm and take a second reading. The system 

then divides the reading at 260 MI by the reading at 280 nm and prints the values of 

A2mnm, AB-, and Az&A2achim in the 'Report' area. 

Using the above procedure 490 pL of TE buffer was first placed in a cuvette and an 

initial reading was taken. Then 10 pL of sample DNA was added followed by a bnef 

mixing with a Pasteur pipet, and then another reading was taken. Afierwards the program 

displayed the value of the ratio A2Mmir/Atsonm. Ratio values which lied between 1 -8- 1.9 

indicated highly purified preparations of DNA, and values significantly lower than these 

indicated protein andor phenol contamination resulting fiom poor extraction, and raised 

the possibility that DNA band srnearing would occur upon electrophoresis. The amount of 

DNA present in each sample was determined fiom only the corrected Aîoonm values (Le. 

A2mm (sample) - Azoonm (blank)), whereby a final Azmnm value of 1 .O indicates 50 pg/mL 

of doubie-stranded DNA. A sample calculation of determining the amount of DNA is as 

follows, based on the above protocol: 

corrected = 0.2772 

Dilution in cuvette = i 0 pL sample + 490 pL TE buffer = 10 pL / 500 pL dilution 

Original volume of stock sample in microcentrifuge tube = 100 pL = 0.1 mL 



3.5.2.4.3 Agarose gel electrophoresis 

I Ox TBE stock bufler: A 1 L volume of Tris-boric acid- Na2EDTA buffer was prepared ten 

times concentrated in ddH20 containuig: 1 M Tris-base (MW = 12 1.10 @mol), 1 M boric 

acid ( M W  = 6 1.80 @mol), 20 mM Na2EDTA (MW = 372.24 g/mol), with pH adjusted to 8.3 

at room temperature with 5 M NaOH (aq), and stored at 4°C. 

Ethidiurn bromide stock solution (10 mg/mL): This solution was prepared by dissolving 

0.01 g ethidium bromide in 1 mL ddH20, and was stored at 4*C in a microcentrifuge tube 

for no longer than one month. 

Running bufir: The running buffer was prepared h h  by a ten times dilution of 100 mL 

of TBE stock buffet in 900 ml, ddH20. After 100 mL of this solution was used to dissolve 

2 g of agarose, 18 pL of ethidium bromide (10 mg/mL) was added to the remaining 

900 mL, and subsequently poured into electrophoresis chamber to a level of 0.5 cm above 

a prepared agarose gel. 

Loading buffer: A sucrose-based loading buffer was prepared as opposed to a glycerol 

based loading buffer for the reason that sucrose has a much higher molecular weight and 

would ensure that samples would completely fa11 to the bottom of gel wells. Additionally, 

in TBE gels glycerol emphasizes the miling of DNA bands and interacts with borate 

which may alter the local pH. This buffer contained 0.1 M Na2EDTA (MW = 372.24 

g/mol), 0.25% (w/v) bromophenol blue (as a tracking dye), and 40% (w/v) sucrose, titrated 

to a pH of 8.0 and was stored at -20°C. 



Agarose gel casting andpreparation: A 2% (w/v) agarose gel was prepared by weighing 2 

g of agarose in a bealcer and adding 100 mL of running buffer, devoid of ethidium 

bromide. An agarose concentration of 2% (w/v) was chosen to allow for the highest 

possible resolution of DNA f iapents  less than 1 kb, consistent with internucleosornal 

DNA laddering. The mixture was heated on a hot plate and stirred constantly with a 

rnagnetic stirrer until the boiling point. This was followed by cooling to 60°C, addition of 

2 pL ethidium bromide (10 mg/mL), stimng, and pouring into a leveled gel caster tray 

(1  5x7 cm), with the 20-tooth well comb in place. Ethidium bromide which intercalates 

between DNA bases was placed into the agarose itself so as to allow for examination under 

UV at different stages of band migration. Al1 of the air bubbles in the gel were 

subsequently moved to the sides with a Pasteur pipet and the gel was lefi to set for at least 

60 min. 

Preparation of DNA sampfes for Zoading and electrophoresis: DNA samples were 

prepared by adding to a microcentrifùge tube a volume correspondhg to 4 pg of DNA, 

4 pL of loading buffer, and TE buffer to bring the total volume to 24 PL. Lambda BstE II 

digest molecular weight markers (559 pg/mL) were prepared in an identical fashion, 

except that only 0.9 pL (Le. 0.5 pg) of DNA was used. 

Running the gel: Afier the gel was set, the comb was rernoved, and the gel was transferred 

into the electrophoresis chamber (Sub-Ce11 GT Agarose Gel Electrophoresis S ystern, Bio- 

Rad Laboratones Inc., Hercules, California, U.S.A.). Running buffer containing ethidium 

brornide was poured into the chamber until it was Ievel at about 0.5 cm above the gel 

surface, making sure no air pockets were trapped withui the wells. The 24 PL prepared 

DNA samples were delivered to every well, in series. The chamber was covered with the 



l id attaching electrodes in the proper orientation (black negative potmtial electrode on the 

loading wells side). A 50 V potential was slowly applied and the gel was run for 

approxirnateiy 2 hr. The gel was examined under UV light on a VWR, bench 

transilluminator (mode1 M-20E) using a single 302 nm ultraviolet wavelength. in an 

attempt to obtain better contrast gels were destained in 1 L of ddH20 for - 2 4  hr while 

being shaken, but to no avail. 

Gelphotography: A Polaroid direct screen instant camera DS34, with IS03000, type 667 

Polaroid film was used to photograph the gel under UV bans-illumination. Typical 

conditions for photography were as follows: 118 s exposure and 5.6 f-stop, 30 s 

development time. 

3.5.2.5 Detection of apoptosis using flow cytometry 

Preparation of dexrazoxane treated ce11 samples for analysis of apoptotic features 

using flow cytometry was conducted in conjunction with ce11 cycle progression analysis, as 

explicitly described in Section 3.3.2.5. in brief, at each specified time interval -8x106 cells 

were fixed as single ce11 suspensions in 4.5 mL of 70% (vlv) cold ethanol ovemight at 

-20°C. Samples were subsequently washed with PBS, resuspended in 1 mL of a 0.1% 

(v/v) Triton X-100 solution containing 0.02 mg/mL propidiurn iodide and 0.1 mg/mL 

DNase-fkee RNase A, followed by incubation for 15 min at 37OC. Cells were then 

exarnined for features of apoptosis through an analysis of DNA content and light scattering 

properties. Anaiysis was c h e d  out on a highiy modified EPICS V multiparameter flow 

cytometer (Coulter electronics, Hialah, FL, U.S.A.) with an argon laser tuned to 488 nm. 

This was followed by the collection of red fluorescence ernissions at 630 nm ushg 3.5 



decade logarithmic amplifiers over a span of 256 channels of increasing fluorescence 

intensity, directly proportional to DNA ploidy level. 

Collected light intensity data was processed using specialized analytical software in 

order to produce bivariate light scattering histograrns. DNA content frequency histograrns 

were generated as described in Section 3.3.2.5 fiom collected raw data of the number of 

cells that fell within increasing channels of  fluorescence, representative of DNA content. 

The relative percentage of cells residing within each discrete ploidy level was determined 

ernpirically fkom the collected raw data by first counting, and then dividing the number of 

cells between two midpoints of successive valley regions by the total nwnber of cells 

counted overall, asswning nondefinable S phases. 

3.5.3 Results 

3.5.3.1 Ceii viability and nuclear morphology 

KS62 cells exposed daily to 100 pM dexrazoxane were sampled dail y, stained with 

ethidium bromiddacridine orange, and examined using fluorescence microscopy in order 

to identie and count cells with abenant chromatin organization (Section 3.5.2.3). Afier 48 

hr of dexrazoxane exposure the percentage of viable and non-viable apoptotic cells began 

to increase, and by 120 hr non-viable apoptotic cells represented nearly 50% of the 

population (Fig. 3.20a). These increases were paralleled by a significant decrease, to 20% 

by 120 hr in the percentage of viable non-apoptotic cells and a slight increase, fiom 3.7- 

13.7% in the proportion of necrotic cells. Overall, the percentage of apoptotic cells (viable 

and non-viable) increased drarnatically after 48 hr, reaching 75% by 120 hr (Fig. 3.20b). 



Correspondingly, the overall viability of the population fell to a level of 50% by 120 hr 

(Fig. 3.20b), which correlates fair1 y well with previousl y determineci trypan blue viability 

percentages (Fig. 3 Sb). However, the di fference between the percentage of apoptotic cells 

and non-viable cells after extended periods of dexrazoxane exposure suggests that viable 

apoptotic cells may still be progressing through earlier stages of apoptosis when the 

integrity of the plasma membrane is still well preserved. 

Apoptotic cells (VA, green; NVA, orange) were identified by the presence of 

condensed ti-agmented nuclei, slight cytoplasmic shrinkage, and extremely bright 

condensed chromatin spread as crescents around the periphery of the nucleus or as groups 

of bright featureless spherical beads (Fig. 3.21, arrow # I ) .  Late stage apoptotic cells, 

which had totally lost their DNA content exhibited a very weak greenilrange staining (Fig. 

3.21, awow #4). As cells beçame enlarged with extended periods of dexrazoxane 

exposure, some cells exhibited apoptotic features while other did not. Non-apoptotic cells 

(VNA, green; NEC, orange) appeared in some cases to be undergoing mitosis in the 

absence of cytokinesis, as identified by the presence of multiple nuclear lobes (Fig. 3.2 1, 

awow #2). These cells exhibited varying degrees of chromatin condensation in their lobes, 

not as bright in fluorescence as apoptotic cells, as well as features of nuclear cumpaction 

with continuai ce11 cycling. Extrerne care had to be taken to distinguish the chromatin 

pattern of these cells fiom that of in apoptotic cells. After longer periods of dexrazoxane 

ex posure, DNA con taining membrane-bound structures kno wn as apopto tic bodies were 

presurnably released as a result of cellular degeneration (Fig. 3.21, awow #3). 
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Fig. 3.20. Evolution in the percentage of various morphologically identifiable 
cellular states after h i l y  erposure to dexrazorane. K562 cells seeded at 5x10' 
cells/mL were exposed daily to 100 p M  dexrazoxane with media replacement. (a) Cells 
were stained with acridine orange and ethidiurn bromide, and upon çounting a minimum 
of 600 cells the percentage of viable non-apoptotic (VNA), necrotic (NEC), viable 
apopto tic (VA), and non-viable apoptotic (NVA) were detennined as previousl y 
described (Section 3.5.2.3). (b) The unification of the percentages of some of these states 
permitted a detemination of the overall change in the percentage of apoptotic and viable 
cells with time. 



Fig. 3.21. FIuorescent photomicrographs of dexrazoxane-treated KS62 ceUs stained 
with acriàine orange and ethidium b r o d e  and viewed using epi-illumination. 
Apoptotic (A) and necrotic (E3) controls were prepared by a 48 hr daily exposure to 10 p M  
carnptothecin and overnight exposure to 70% ethanol, respectively. Exponentially 
growing cells (C) were exposed daily to dexrazoxane for 48 hr (D), 72 hr (E), 96 hr (F), 
and 120 hr (G) and subsequently examined and characterized as described (Section 
3.5.2.3). As viewed under a 40X objective lem, apoptotic cells were identified by 
fragmented nuclei, and bright, uni forml y fluorescent spherical beads of condensai 
chromatin spread around the perïphery of the nucleus (amws # I ) .  Non-apoptotic cells 
undergoing mitosis in the absence of cytokinesis were identifid by the presence of 
multiple nuclear lobes, and varying degrees of fluorescent staining chromatin, as well as 
nuclear compaction (an-ows #2). Also identified were the progressive appearance of 
apoptotic bodies (an-ow #3), and late stage chromatin-fiee cells (arrow #4). 



Cells were stained with both benzidinelhydrogen peroxide and ethidium 

bromiddacridine orange so as to examine the corresponding ceIl morphology and 

chromatin pattern in hemoglobin containing cells (Fig. 3.22). Benzidine-positive, 

hernoglobin wntaining cells were identified, as previously described by a blue appearance 

under a 40X objective Lens by bnght-field microscopy. Using fluorescence microscopy the 

corresponding images of over 30 of these cells were viewed. In al1 cases, the chromatin 

pattern exhibited by hemoglobin containing cells did not resemble features considered to 

be apoptotic. Although enlarged cells expressing hemoglobin generall y containe- multiple 

nuclear lobes (Fig. 3.22A and 3.228) the reverse was not necessary tme (Fig. 3.22C and 

3.22D). For the most part, fluorescent staining appeared slightly duli, either orange or 

green-orange in color pefhaps due to some cornpetition with the benzidinehydrogen 

peroxide. It is possible that cells containing hemoglobin progressively lose their 

hemoglobin and die by apoptosis as they enter the later stages of differentiation [53]. 

Ho wever, the previousl y observed presence of a consistent actual number of benzidine- 

stained cells after longer periods of dexrazoxane exposure (Fig. 3.13d) suggests that 

apoptosis may not necessarily be the end point in these particular cells. It is plausible, as 

suggested elsewhere that the processes of differentiation and apoptosis may be occurring 

simultaneously but separately upon induction [ 1 5,4 1,781. 



Fig. 3.22. Fluorescent and bright-field photomicrograph pairs of hemogiobin 
containing derrazosane-treated KS62 ceh. KS62 cells exposed daily to 100 pM 
dexrazoxane for 96 hr were stained with both benzidinehydrogen peroxide and ethidium 
bromide/acridine orange and viewed under fluorescent and bright-field conditions through 
a 40X objective lem. Enlarged hemoglobin containing cells (A) possessed multiple 
nuclear lobes and no concomitant apoptotic chromatin pattems (B). Cells which did not 
contain hemoglobin expressed chromatin patterns consistent with either apoptosis (C and 
D), or a relatively normal continued ce11 cycling in the absence of ce11 division resulting in 
multiple nuclear lobes (data not shown). 



3.5.3.2 In ternucleosomai DNA fragmentation 

DNA was extracted tiom K562 cells treated with dexrazoxane afier various periods 

of time. Agarose gel electrophoresis revealed a progressive appearance of a ladder-like 

pattern of DNA fragments after extended periods of growth (Fig. 3.23 lanes 2-6). This 

pattern was consistent with an endonuclease-mediated cleavage of corresponding lengths 

of DNA (-180-200 base pairs) between nucleosomes subsequent to the induction of 

apoptosis [53,76,79-8 11. in more apoptotic sensitive HL60 cells, others have reported 

discrete -50 and -300 kb DNA fragments present upon agarose gel electrophoresis [59]. It 

has been postulated that a 50-kb fiagmentation pattern reflects chromatin loop 

organization, whereas a 180-300-kb periodicity results fiom the cleavage of bundles of 

these loops in higher-order chromatin stnicturs, possibly due to the direct involvement or 

association with topoisomerase II [59]. in addition, the smeared appearance of the DNA 

fiagmentation ladder has been cited as probably being due to a combination of apoptosis 

and secondary necrosis, the slow kinetics of apoptotic induction in these inherently 

apoptotic resistant cells [56,61,76,82], or a partial inhibition of endonuclease resulting in 

more single-stranded DNA breaks than double-stranded ones [18]. The observed 

fragmentation beginning after 48 hr of growth in the presence of dexrazoxane (Fig. 3.23) 

complements the observed appearance of sub-diploid cells by flow cytometry (Fig. 3.1 l), 

and the morphological breakdown of these cells (Fig. 3.2 1). 

DNA extracted fiom cells exposed to other topoisomerase II inhîbitory agents 

revealed similar effects. Exposure to 5 JJM ICRF-193 resulted in similar patterns of 

fragmentation indistinguishable fiom that of dexrazoxane (Fig. 3.23 lanes 7,8). Although 

exposure to 10 pM etoposide also resulted in a laddering effect, it began to appear more 



gradua11 y than dexrazoxane or ICRF- 1 93 (Fig. 3 -23 lanes 9,lO). This result suggests that 

the formation of the topoisornerase II-DNA cleavable compIex by etoposide may somehow 

delay the onset of apoptosis in K562 cells longer than the non-cleavable wmplex-forming 

inhibi tors dexrazoxane and ICRF- 1 93, perhaps through the prevention o f  continued ce11 

cycling. This is not without reason given that in thymocytes Sun et al. [83] wnfirmed that 

during etoposide-induced apoptosis, critical alterations in nuclear chromatin are seen at an 

earl ier stage than DN A fragmentation caused b y endonuclease-mediated cleavage. 
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Fig. 3.23. Agarose gel electrophoresis of DNA extracted from K562 ceUs exposed to 
various topoisornerase II inhibitory agents. At indicated times of daily exposure to 100 
pM dexrazoxane (0, 24,48, 72, 96, 120 hr: lanes 2-7), 5 pM ICRF-193 (48, 96 hr: Ianes 
8,9), and IO FM etoposide (48, 96 hr: lanes 10,11) D N A  was extracted from removed cell 
samples as described in Section 3.5.2.4 and andyzed on a 2% (wh) agarose gel containing 
0.2 pg/mL ethidim bromide, and run at SOV for 2 hr. The lowest bands on the Lambda 
BstE II digest molecular weight marker lane (fane 1) represent DNA with a molecular 
weight equivalent of 2323, 1929, 137 1, 1264, and 702 base pairs, respectively. Note the 
typical "laddei' pattern of DNA fragments of the size equivaient to single nucleosomes or 
oligonucleosomes. This pattern is characteristic of the DNA in apoptotic cells. 



3.533 Reùuced DNA content of sub-diploid apoptotic bodies 

The detection of cells with diminished DNA content by flow cytometry, lower than 

that of G 1 cells (Le. sub-diploid) has been considered by many to be a marker of ce11 death 

by apoptosis [77,82]. Afier 48 hr of continuous dexrazoxane exposure a sub-Gl peak 

began to appear in DNA fiequency histograms (Fig. 3.1 1 ), reflective of apopto tic bodies or 

fragments of the ce11 interior containing reduced levels of DNA. As more cells 

progressiveiy became apoptotic the fiaction of these DNA containing apoptotic bodies and 

other particulates in the population dramaticaily increased, as seen at subsequently 

analyzed time periods (Fig. 3.1 1). Although this data was collected in a gated form to 

exclude some small particulates, the relative fraction of the population that îhese cells 

represented was approximated fkom the raw data and displayed in Table 3.7. Between 48 

hr and 168 hr of dexrazoxane exposure the percentage of sub-diploid cells ïncreased Erom 

0.02% to at l e s t  15.85%. The observed reduction in DNA content of apoptotic cells may 

be a consequence of a partial cellular loss of DNA prior to andysis, resulting fiom the 

activation of endogenous endonucleases and the subsequent difision of lower molecular 

weight DNA f?om the cells [77]. Spccifically, following fixation fiee single nucleosomes 

or small oligonucleosomes may diffise out of the cell, leaving only small fragments of 

DNA loops still attached to the nuclear matrix in the cell. 



3.5.3.4 Altered iight-scattering properties with the induction of apoptosis 

Ce11 shrinkage through loss of water is a hallmark of apoptosis, and this change in 

ce11 size and granularity c m  be readily detected by measuring the light-scattering 

properties of cells using flow cytometry. As mentioned earlier, the intensity of light 

scattered in the forward direction generally correlates with ce11 size, and the intensity of 

light scattered at nght angles to the laser beam correlates with granularity and the ability of 

intracellular structures to reflect light [82]. Displayed in Fig. 3.24 are bivariate light 

scattering histograms of data collected fiom control untreated cells (A), and cells exposed 

daily to dexrazoxane for 216 hr (B). The most evident change in the light-scattering 

properties of dexrazoxane-treated cells was that afier 48 hr of exposure an increasing 

number of cells displayed reduced forward angle light scattering propertia (Fig. 3.24b). 

This can be seen by the dense accumulation of cells in the bottom left-hand corner of the 

histogram for 216 hr dexrazoxane-treated cells (Fig. 3.24b). It is believed by many 

observas than this dense accumulation is representative of the appearance of apoptotic 

bodies as separate particles with low light-scattering properties [77]. Additionally, it was 

obsmed that by 216 hr of dexrazoxane exposure a minor increase in right angle light 

scattering had occurred, as compared to control cells. This result most likely reflects the 

condensation of chromatin and fragmentation of nuclei [77]. Concomitant with the 

appearance of cells with reduced light scatter properties, cells were also identified after 

extended periods of dexrazoxane exposure to exhibit increased fonvard and nght angle 

Iight xattering propertia, representative of being significantly larger and more granular. 

As dernonstrated earlier, with respect to dexrazoxane-treated CHO cells (Fig. 2.2 1) using a 

process known as backgating (Section 2.7.4) it extremely likely that these particular 



enlarged cells represent the portion of the population possessing a much higher DNA 

ploidy content. 

Forward angle light scatter 

Fig. 3.24. Alterations in Light  scattering properties of dexrazoxane-treated K562 ceils. 
Shown here are the full spectra of light scattering data collected fiom (A) control untreated 
cells, and (B) cells exposed daily to 100 pM dexrazoxane with media replacement for 216 
hr. K562 cells exposed to dexrazoxane for extended periods of time revealed alterations in 
the intensity of light scattering properties, respective of apoptosis. Although fonvard angle 
light scattering (x-axis) did increase with time, as some cells increased in size the intense 
proportion of cells in the lower lefi corner afier 216 hr (B) is reflective of a high degree of 
ce11 fragmentation and the formation of apoptotic bodies. This was paralleled by an 
increase in right angle light scatter (y-mis), reflective of an increase in ceIl granularity. 



3.6 Discussion 

The homeostatic control of many hematopoietic cells is regulated by a number of 

processes that include ce11 proliferation, différentiation, and ce11 death [15,41]. Partiai 

differentiation of various human and rodent leukemic ce11 lines have been found to be 

induced by a number of known topoisomerase II inhibitors 13,44481. in addition, other 

known differentiation-inducing drugs such as phorbol esters, and retinoic acid have been 

shown to be associated with a reduction of topoisomerase U activity [46,50,51], and an 

i ncrease in protein-associated DNA strand breaks, respective1 y [52]. Consequentl y, many 

leukemic ce11 lines induced to differentiate may be predisposed to eventually reach a 

terminal endpoint of ce11 death by apoptosis [ 15,531. Currently, there exists no single 

theory to explain how topoisomerase II inhibition l a d s  to either ce11 cycle arrest, 

differentiation, and/or apoptosis. Although this remains an area of much discussion and 

uncertainty it is known that the induction of these processes depend upon the type of 

inducer or topoisomerase II inhibitor used, the degree of incurred DNA damage, the 

intensity andor frequency of treatment, the ce11 line, the stage of differentiation, as well as 

other environmental signais which together or separately determine whether features of 

l ineage-speci fic di fferentiation, apoptosis, and/or ce11 cycle arrest will be identi fied 

In light of such complications, there exist interesthg parallels between the 

processes of dmg-induced apoptosis and drug-induced differentiation. in some ce11 lines a 

pre-cornmitment perïod is necessary before apoptosis is initiated [ S I .  These types of 

cornmitment kinetics have been observed with many drugs that stimulate differentiation in 

leukemic cells. In some cases, the actual removal of the drug stimulus before the 



cornpletion of this period does not engage the prograrnmed terminal endpoint of ce11 death. 

Correspondingly, the length of the pre-cornmitment time for apoptosis to be triggered has 

been related to the mitotic cycle time and differentiation status of a ce11 line 1551, whereby 

certain cells may respond within a few hours to the apoptotic stimulus and others would 

require a much longer period of tirne. 

The induction of cleavable complexes between topoisomerase II and DNA by some 

inhibitors, together with a reâuction in proliferative potential may be enough to trigger an 

adaptive response which engages a program of termiinal differentiation [55] .  However, in 

Iight of the mechanism of action of other topoisomerase inhibitors, the formation of the 

cleavable complex may not be essential to the process of differentiation. Agents such as 

aclarubicin, and ICW- 193 which inhibit topoisomerase II without the formation of the 

cleavable complex have likewise been shown to induce differentiation in such ce11 lines as 

K562 [3] and U937 [49], respectively. With observations such as these it appears that the 

induction of difkentiation and apoptosis may not be reliant on the actual formation of a 

cleavable-complex but rather on a number of other possible downstream factors which play 

a role in these processes. 

In the present study, the induction of K562 differentiation and apoptosis upon 

exposure to dexrazoxane, a non-cleavable complex foming topoisomerase Li inhibitor was 

investigated. By monitoring the expression of hemoglobin, the ability of other 

bisdioxopiperazines including IC RF- 1 54 and ICRF- 193 to induce erythroid-like 

differentiation of KS62 cells was contrasted to that of other agents such as hemin, DMSO, 

and the topoisomaase II poison, etoposide. As discussed below, parallels between the 

induced processes of differentiation aud apoptosis were made as to the conditions of 



exposure these cells were subjected to. Furthexmore, alterations in ce11 size, chromatin, 

and DNA ploidy upon e x p o s e  to dexrazoxane provided insight into the role of 

topoisomerase II inhibition during the process of erythroid andor megakaryocyte 

differentiation, as well as apoptosis induction. 

3.6.1 Cytotoxicity analysis of the bisdioxopiperazines and other topoisomerase II 
inhibitory compounds 

The cytotoxicity of the bisdioxopiperazines and other agents towards K562 cells 

are discussed in the following section. It has been previously demonstrated that the 

cytotoxicity of the bisdioxopiperazines toward CHO and mouse-L cells is highly çorrelated 

with their ability to inhibit the catdytic activity of topoisomerase II, presumably in a 

stmcturally dependent manner [72]. This inhibition has been shown to occur without 

promoting the formation or stabilization of the covalent topoisomerase II-DNA 

intermediate [73], d i k e  other topoisomerase II inhibitors such as etoposide (etoposide), 

and doxorubicin [74]. 

A 72 hr growth period in the presence of these compounds was adopted on the 

premise that the cytotoxicity profile would be more prominent afier at least four rounds of 

ce11 cycling had occurred (doubling time -1 8 hr). The most toxic of the general ICRF- 

series analogs (Table 3.5) was shown to be ICRF-193 (0.541 + 0.052 FM) which appeared 

to be only 38 times as toxic as the next bisdioxopiperazine, dexrazoxane (20.3 + 1.9 PM), 

followed by ICRF- 1 54 (33.5 f 3.9 PM). As expected, of the cleavable cornplex-foming 

topoisomerase II poisons investigated al1 were able to induce a considerable cytotoxic 

effect at low drug concentrations. The comesponding ICso values for etoposide and 



doxorubicin were 0.7 1 f 0.12 FM and 0.073 + 0.013 FM, respectively (Table 3.5). 

Cytotoxicity in the presence of ADR-925, the fûlly hyb lyzed  product of dexrazoxane 

was not seen until exceedingly high concentrations were achieved (ICS0 = 1229 +, 20.2 

PM). Since ADR-925 is a polar charged molecule it is unlikely that it was able to 

permeate the ceIl membrane as effectively as dexrazoxane. in addition, ADR-925 has been 

previously demonstrated to possess no measurable inhibitory activity toward DNA 

topoisornerase II or cytotoxicity toward CHO cells [72 3. The observed cytotoxicity at hi& 

dexrazoxane and ADR-925 concentrations is believed to be due to the chelation o f  fiee 

calcium and magnesiurn ions fiom the growth medium by ADR-925 [84]. 

The dexrazoxane cytotoxicity profile generated by MTS analysis afier 72 hr of 

growth differed fiom the profiles of the other agents tested in that it was clearly biphasic 

and sigrnoidal in nature (Fig. 3.7a). Data fiom only the first phase was used in the 

determination of a dexrazoxane 1Cso value of 20.3 ': 1.9 PM. in contrast, ce11 counting 

analysis of dexrazoxane-mediated cytotoxicity by either of the two methods used produced 

monophasic dose-response curves (Fig. 3.8) and comparable ICso values to MTS analysis 

(Table 3.5). Although similar ICso values were determined by al1 methods of analysis 

there clearly existed a discrepancy between the actual number of cells and the Ievel of 

formazan production, reflective in the shapes of the respective cytotoxicity profiles. 

Although a very few nurnber of cells remained afier 72 hr exposure to hi& concentrations 

of dexrazoxane (above the ICSO value) these cells seemed to possess an enhanced ability to 

reduce MTS to formazan. Microscopie examination reveal ed the presence of enl arged 

cells at these concentrations of dexrazoxane accompanied by many cellular fragments and 

particulates, implicative of drug-induced apoptotic ce11 death. 



As suggested previously, with respect to dexrazoxane-mediated cytotoxicity in 

CHO cells (Section 2.1 1.1) dexrazoxane induces a level of ce11 cycle phase alteration and 

increased ce11 size which, rnay significantly influence mitochondrial nurnber ancilor 

fùnction and, consequently the level of MTS reduction to fonnazan. Therefore, the second 

phase on the MTS biphasic sigmoidal dose-response curve (Fig. 3.7) may be representative 

of a small portion of the cell population possessing high mitochondnal reductase potential 

and the ability to suvive at high dexrazoxane concentrations up to the point at which 

divalent cations are chelated fiom the surrounding medium and ce11 death ensues. A result 

such as this may constitute an important bias in analyzing the cytotoxic effects of many 

such agents which, could lead to a considerable underestimation of their growth-inhibiting 

activity. At this time it is not known precisely why exposure to ICRF-193 or ICRF-154 

did not result in the formation of a definitive biphasic curve, especially since the former 

compound has been proven to be a stronger cataiytic inhibitor of topoisomerase II than 

dexrazoxane [72]. The possibility rernains though that any number of factors could play a 

role in observing such an effect including solubility, lipophilicity, duration of growth, the 

nurnber of ce11 cycles completed, and/or the degree of ce11 cycle alteration incurred. 

3.6.2 Erythroid-Lüce dinerentiation versus apoptosis induction 

Tt has often been stated that dmgs capable of promoting temiinal differentiation of 

leukernia cells, such as the topoisomerase II inhibitors do so at concentrations which are 

marginally below levels that produce cytodestruction [3,56]. The use of sub-cytotoxic 

concentrations has been cited as causing only transient ce11 cycle arrest in some ce11 lines, 

with limited cytotoxicity. However, in the presence of higher drug concentrations 



differentiation could simply be a first level response that consequently induces apoptosis 

through a more progressive S or G2 anest, or directly without any ce11 progression to G2 

[53,56]. 

In this study, the exposure of K562 cells to slightly cytotoxic concentrations of the 

topoisornerase II-inhibitory dmg dexrazoxane resulted in an induced expression of 

hemoglobin, an erythroid differentiation marker as monitored spectrophotometrically and 

b y benzidine-positive staining (Fig. 3.1 6 and 3.13). The attainment of a mean hemoglobin 

content level of 9 pg/cell in a significantly linear fashion (p < 0.001) was not only 

comparable to that caused by other differentiation-inducing agents such as hernin 1191, but 

also suggested a ce11 cycle dependency in terms of regulated expression. Hemoglobin 

expression was additionally paralleled by a diminished proliferative capacity (Fig. 3.13a), a 

slight accentuation in mean DNA and protein levels over the first 48 hr (Fig. 3. IO), and the 

continued cycling of some cells ont0 higher ploidy levels ranging fiom 2-32 N (Fig. 3.11) 

as their respective ce11 size increased to volumes 230-fold larger than normal (Fig. 3.9 and 

3.14). 

Exposure of K562 cells to other bisdioxopiperazines, such as ICRF- 193 and ICRF- 

154, as well as etoposide all resulted in increases of benzidine-positivity, changes in 

morphology and reductions in proli ferative capacity, comparable but slightl y less 

accentuated than that caused by dexrazoxane (Fig. 3.18). The reason for this discrepancy 

can possibly be attributed to the concentration of each agent chosen for examination. 

Dose-response c w e s  with respect to growth inhibition and hernogiobin expression upon 

dexrazoxane exposure suggested a correlation between higher topoisomerase II-inhibitory 

concentrations of such agents and the level of inducible hemoglobin expression (Fig. 3.17). 



Further support of the involvement of topoisomerase II inhibition during differentiation 

was provided by the fact that ADR-925, the hydrolyzed non-topoisornerase II inhibitory 

form of dexrazoxane [72] did not cause any increase in the level of hemoglobin expression 

in K562 cells (Fig. 3.18). These resu1ts when taken together indicate a clear association 

between topoisomerase II inhibition and the induction of hemoglobin production in K562 

leukexnic cells. Therefore, the bisdioxopiperazines dexrazoxane, ICRF- 193, and ICRF- 1 54 

should be included arnongst other well known topoisomerase II inhibitors such as 

amsacrine, doxorubicin, tenipside, and etoposide which have previously been shown to 

induce the expression of erythroid-like characteristics in K562 cells [3,45]. 

The expression of hemoglobin arising fiom the inhibition of topoisomerase II by 

the above mentioned agents was the most evident change that occurred in the K562 cells 

over the first few days of exposure, accompanied as well by a partial increase in ce11 size. 

However as eluded to previously, early stage differentiating cells may undergo a state of 

"priming", durùig which the synthesis anaor activation and accumulation of apoptotic 

effectors may occur [85]. Recent investigations though have revealed that the KS62 ceIl 

line, derived f?om a patient with CML expresses a number of gene products attributing 

them with an enhanced survival capacity or retiactonness to drug-induced apoptosis, no 

matter how novel the h g  is or its ability to induce protein-linked DNA sûmd breaks 

[3,55]. Moreover, the regdation of these signals are generally associate. with a poor 

prognosis in myelogenic leukemia patients, resulting in a maiignant transformation [17]. 

This inherent apoptotic resistance is presmed to possibly occur through the regulated 

expression of such gene products as tyrosine kinase fiom bcr-ab1 [15,18,44,48], the 

apoptotic suppressor gene bcl-X 1411 or b d X L  [15,16], and to a lesser extent proto-onco 



genes such as c-/os and ojun [6 1,861. Regdation of a number of these gene products may 

ultimately correlate with the ability, andor direction to which the K562 ce11 line 

differentiates as is the case with bel-& [41], a presumed channel protein thought to 

regulate the transport of ions and other differentiatiodapoptosis-related signals across the 

outer mitochondrial membrane [87]. Concunently or individually, ber-abi and bci-XL 

expression is believed to block diverse upstream apoptotic stimuli by preventing the 

accumulation of cytochrome c (cyt c). As a result this inhibits other pre-apoptotic 

mitochondrial events, the activation of downstream caspases, in particular caspase-3 and 

the execution of apoptosis [87]. 

Many ce11 lines seem to diRer in the length of the pre-cornmitment period 

following topoisomerase II inhibition d l  which the process of apoptosis is engaged. 

Upon exposure to high concentrations of etoposide many ce11 lines such as HL-60 

[53,56,6 11 reveal signs of apoptosis almost immediately upon the formation of cleavable 

complexes. Howeva, with K562 cells the same concentrations reportedly result in the 

induction of significant levels of differentiation without any immediate notable effect on 

viability [3]. In light of the following results, the absence of  immediate apoptosis in K562 

cells after cytotoxic-dnig exposure does not necessarily preclude its evenhial development. 

With respect to the various topoisomerase II inhibitory agents investigated, the positive 

expression of hemoglobin was paralleled as well by the delayed induction of programmai 

ce11 death. This was in agreement with what was reported by Synold et ai. [SB] that 

prolonged exposwe to clinically achievable concentrations of dexrazoxane is cytotoxic to 

human leukemic cells. In the case of out investigation apoptosis was observed in these 

cells afier 48 hr of exposure by the appearance of a DNA ladder pattern on a agarose gel 



(Fig. 3-23), consistent with internucleosomal DNA fragmentation. Induction of apoptosis 

in dexrazoxane-treated cells was M e r  confirmed by a proportionai increase in the 

population of cells expressing nuclear morphologies and chromatin organization in 

accordance with apoptosis (Fig. 3.21). Ce11 cycle analysis further revealed a significant 

increase in sub-diploid cells after 48 hr, representative of late-stage apoptotic bodies (Fig. 

3.1 1 and 3.24). Although the initiation of an apoptotic signaling pathway may have 

occwed after preliminary drug exposure, identifiable characteristics were not evident until 

after 48 hr of growth. Even in the case of etoposide, as noted elsewhere 1561, a pattern of 

DNA laddering was not seen until this time period. 

Perhaps M e r  investigation into the gradua1 alterations in the activity, level, or 

phosphorylation states of topoisomerase II will provide insight into the slow developrnent 

of apoptosis [3,50,89]. Even still, maybe the events causing internucleosomal DNA 

fragmentation occur at a stage of apoptosis much later than those events involved in the 

initial drug-target interactions [5 5,59,6 1,901. Accumulating evidence to this effect has 

suggested that during apoptosis, changes in nuclear morphology are more closely related 

with the onset of a higher-order chromatin fragmentation which has been shown to precede 

[83] or occur in the absence [9 11 of internucleosomal DNA cleavage. 

Apoptosis is indeed the mode of death cornmon to differentiated cells at the end of 

their life span [46,85]. Whether this statement applies to such partially differentiated ceIl 

lines as K562 remains to be proven. Differentiation of K562 cells has been citied as 

occuring neither normally or to completeness [8,î 11. Likewise, this study has shown that 

after extended periods of dexrazoxane exposure, large, viable, polyploid cells remain in 

culture irrespective of the presence of apoptotic features or the expression of hemoglobin. 



This suggests possible differences amongst the population of K562 cells in their sensitivity 

to, or ability to detect topoisornerase II inhibition. To this effect, others have made similar 

observations that only subsets of differentiated cells will undergo apoptosis relatively early 

afier the induction of differentiation [85]. Although the processes of apoptosis and 

hematopoietic ceii differentiation are strongly suggested to be regulated separately [4l,78] 

and proceed simultaneously [15] they are not mutually exclusive in entirety [92]. 

Topoisornerase II inhibitor-induced differentiation is çommonly perceiveû as an 

irreversible process that rare1 y results in the achievement of fùll y mature limage-speci fic 

state [3]. With respect to K562 cells, it appeared as if initial exposures to dexnizoxane 

cornmitted some cells to undergo differentiation and apoptosis, but that continuous 

exposure would ensure a greater population-wide cornmitment with tirne. Preliminary 

experiments revealed that 1-2 exposures of topoisomerase II inhibitory agents was not 

sufficient enough to completely inhibit ce11 division or induce a ce11 cycle arrest in the 

entire ce11 population (Fig. 3.5 and 3.13a). This result was in contrast to what had been 

previously identified in other ce11 lines [73,93-961, as well as in CHO cells (Section 2.4). 

Therefore in an effort to effectively halt m e r  ce11 division and as well maintain a highly 

differentiated state a continuous daily dmg exposure protocol was adopted. 

Upon daily exposure to the bisdioxopiperazines K562 ce11 division was 

substantially inhibited resulting in the apparent prolongment and continuation of erythroid- 

like differentiation (Fig. 3.13 and 3.18). However, 1-2 exposures to dexrazoxane appeared 

to likewise induce an increase in the percentage of cells expressing hemoglobin, which at 

first was thought to exclude the need for a consistent presence of topoisomerase II 

inhibi tory drug dexrazoxane (Fig. 3.1 3 c). Closer analysis revealed instead that the actual 



number of hemoglobin-stained cells remained constant in the population, despite the 

number of dexrazoxane exposures (Fig. 3.136). Clearly, these results indicated that only a 

fraction of the actual initial number of cells in the population are capable of undergohg 

differentiation upon initial exposure. However, a continuous dexrazoxane exposure 

inmeases not only the likelihood of drug-induced apoptosis and the sustained inhibition of 

ce11 proliferation, but an increase in the apparent percentage of cells expressing 

hemoglobin, as hctionated apoptotic cells were excluded fiom analysis. 

Genedly, agents capable of inducing K562 ceIl differentiation are considered to be 

either commitment-inducing or non-cornmitment inducing [60]. Cornmitment refers to an 

irreversible process that leads to the expression of the differentiation-reiated phenotype, 

which remains after the inducer is removed. In the case of non-commitment inducers such 

as hemin, the phenotype such as benzidine-positivity is not permanent, and cells reverse to 

their normal negative state afier the inducer is removed. Dexrazoxane, and presumably al1 

of the other topoisornerase II inhibitory agents tested herein are cornmitment inducers of 

erythroid-like differentiation in K562 cells, whereb y the final endpoint was not necessari1 y 

apoptosis. Cells which become positive for the expression of hemoglobin remained 

positive, as observed by the constant actual nurnber of benzidine-stained cells a k  

extended periods of time (Fig. 3.13d). Analysis of the percentage of benzidine-staining in 

the population should not be thought of in terms of cornmitment or non-cornmitment. 

Although percentages recover to pre-treatment levels after a period of time in the absence 

of dexrazoxane (Fig. 3.13c), it was not due to a reversible effect in the individual cells, but 

rather to the proliferative capacity of unaffected cells retuniing to normal and overtaking 

the population once again. The most prominent attribute which creates conhion in 



comparing these effects of dexrazoxane to other amunitment inducers such as Ara-C (1 -f3- 

arabinofuranosylcytosine) is that the former induces apoptosis and a change in viability, 

whereas the latter does not [60]. Therefore in some reports it is cornmon to identify the 

use of a population-wide percent change in benzidine-staining rather that the acnial number 

of stained cells for classimng cornmitment versus non-cornmitment in cases where the 

inducer inhibits ce11 growth without effecting viability [60]. 

3.6.3 Polyploidization through continued ceIl cycling 

As reported earlier, K562 cells seemingly exhibiteci a significant tendency for 

continuing to proliferate in the presence of topoisomerase II inhibitory agents. Upon daily 

exposure to dexrazoxane sustained ce11 division was inhibited at the expense of apoptosis 

induction. This was superceded by the appearance of some cells with enornous sizes, and 

multiple nuclear lobes (Fig. 3-21), complemented by identifiable ploidy content in the 

range of 8-32N (Fig. 3.1 1). As noted previously, in the case of other topoisomerase II- 

reactive drugs such as etoposide, the fraction of K562 cells undergoing apoptosis increases 

regularly with drug doses [56] as cells become held up in G2/M [45,68,97]. In addition, 

topoisomerase 1 and II inhibitory drugs administered at concentrations close to their ICso 

values have been shown to induce S or G2 arrest, in a ce11 line dependent manner [15,98]. 

In light of these observations it is interesting to speculate on why in the presence of 

dexrazoxane that some cells continue to cycle ont0 higher ploidy levels while others either 

do not, or become increasingly more susceptible to apoptosis. 

Continued ce11 cycling in the absence of ce11 division may directly be related to the 

mechanism of topoisomerase II inhibition. Many of the bisdioxopiperazines, including 



dexrazoxane have been reported to inhibit the catalytic activity of topoisornerase II without 

stabilizing the topoisomerase II-DNA covalent complex and without causing prirnary DNA 

strand breakage [73,99]. As a result, cells may consequentiy be able to progress through 

the topoisomerase II-dependent G2 checkpoint control mechanism [100] which normally 

blocks ce11 cycling until the detected DNA damage is repaired [47,68,95]. Perhaps as well, 

K562 ceils lack the capability of arresting fùlly at the G 1 -checkpoint control, due to a lack 

or mutation of the p53 himor suppressor gene [47,53,56]. Both of these possibilities couid 

allow for the K562 ce11 population to recover more quiciûy. in cornparison, a number of 

ce11 lines have been s h o w  to be capable of slowing down their progression dong the ce11 

cycle, repair DNA damage, and continue to progress again dong the ce11 cycle [47,56,97]. 

The identified changes in nuclear size and shape, with respect to chromatin 

reorganization may also be associated with the differentiation process of hematopoietic ce11 

Iines [3]. Others have cited differentiation to be a consequence of an unbalancd ce11 

growth defined by abnormally high ratios of ce11 mass to DNA content which can then lead 

to apoptosis [49]. In general though, the accumulation of cells into G1, S or G2 as a 

consequence of topoisornerase II inhibition depends specifically on the ce11 line being 

studied and the drug doses being applied [56,68,95,101]. Here, we have identified a 

correlation between increasing KS62 ce11 size and higher ploidy content Ievels with 

extended periods of dexrazoxane exposure. The fact that there did not seern to be an 

overall progression of the population towards a single high ploidy content level is 

suggestive of a differential ability of the cells to continue to cycle. Some cells may have 

ceased to cycle at 2N, 4N or intermediate ploidy ranges, while others may have continued 

onto higher levels, identified by the continuum of S-phase(s). 



Polyploidization, or incornplete segregation of chromosomes as a consequence of 

topoisomerase 11 inhibition has been well demonstrateci in a number of ce11 lines 

[68,73,95,96,102- 1 041. Exposure to such agents as dexrazoxane or ICRF- 1 93 has been 

shown in CHO [95,96,103], HeLa [96,103], epithelial [102], and human leukemia and 

lymphocytic cells [95] to interfère with the normal functions of topoisomerase II, thus 

effecting the mitotic processes of spindle apparatus reorganization, disassembly and 

reassembly of the nuclear envelopes, incomplete segregation of chromosomes, as well as 

resulting in the development of multilobed nuclei [68,103]. As a consequence, cells 

continue through M e r  rounds of ce11 cycling in the absence of ce11 division, becoming 

polyploid and losing viability. Although topoisornerase II plays a role in the continuation 

of such genetic processes as replication and transcription, it has been suggested to simply 

complement the functional ability of topoisomerase 1 in controlling torsional strain during 

these processes [103]. The essential roles of topoisomerase II have thusly been attributed 

to its functions in decatenating intertwined replicated chromosomes and facilitating the 

segregation of chromosomes [64,103]. 



3.6.4 Expression of erythroid versus megakaryocyte characteristics upon 
dexrazoxane exposure 

It has been reported that K562 cells can be induced to differentiate dong either 

erythroid or megakaryocytic lineages by a variety of inducers [6,13,14,20,40,4 1,1 OS] and 

that the process of differentiation may occur in a non-specific fashion [ 121. In other words, 

although many different inducers have been shown to modiw the K562 phenotype, none of 

them leads to the expression of antigenic detenninants of a single-ce11 lineage alone [14]. 

Various reports have described a putative relationship between erythropoiesis and 

megakaryocytopoiesis [ 105,1061. As weli, some leukemic ce11 lines such as LAMA-84, 

Darni, and HEL constitutively express markers of both lineages, suggesting that comrnon 

factors may control or allow the expression of markers of both lineages in some 

circurnstances [32,105]. Anthanasiou et al. [105] have identified that the ETS family of 

transcription factors, in particular FLI- IiERGB, plays a role in controlling megakaryocytic 

différentiation and gene expression as well as controlling multiple developmentally 

regulated hematopoietic g e n s  such as hemoglobin in K562 cells. Furthermore, Rowley et 

al. [13] demonstrated clearly, that single K562 cells can express, and are inducible for both 

eryehroid and megakaryocytic expression antigens. 

Although many topoisornerase II inhibitors are capable of inducing differentiation 

in many leukemic ce11 lines, research conducteci in this field, with respect to K562 induced 

differentiation has been mainly concentrated on examuiing changes in erythroid-like 

features [3,15,45]. We have observeci that when K562 cells are exposed to dexrazoxane, 

megakaryocytic-like features have appeared such as: a reduction in growth potential, an 

increase in ce11 ploidy accompanied by an increase in cd1 size, membrane blebbing, and 

the presence of identifiably large multilobed cells, sirnilar in every way except for the 



benzidine-staining of some cells for hemoglobin expression. To our knowledge, when 

these features were identi fied in cases involving topoisomerase II-inhibitor induced K562 

erythroid-like differentiation, an extensive anaiysis, if any, of a sirnultanmus expression of 

specific megakaryocytic features was not adequately exarnined [ 1 4,4S,60798, 1 071. This 

therefore poses the question as to whether megakaryocyte differentiation can be induced by 

topoisomerase II inhibitors, such as dexrazoxane concomitant with ex-ythroid-like 

differentiation. 

Through the use of ~unof luorescence  flow cytometry analysis we have 

demonstrated that dexrazoxane-induced K562 differentiation proceeds in a relatively 

coordinated manner towards an erythroid lineage alone. The percentage of cells 

expressing the erythroid antigen glycophorin A increased with extended periods of 

dexrazoxane exposure (Table 3.1 O), thus çomplernenting our previous data of an obsmed 

similar trend in accentuated hemoglobin expression levels in these cells (Fig. 3.16). The 

absence of any significant determinant expression of the platelet/megakaryocyte marker 

gpIIb/IIIa (CD41) on K562 cetls after extensive treatment suggests that dexrazoxane- 

induced differentiation does not proceed towards the megakaryocytic lineage, in spite of an 

observed characteristic increase in DNA ploidy. Perhaps a complex set of signaling events 

exist, which follows topoisomerase II inhibition to allow exclusively for an increased 

transcription/translation of erythroid markers while suppressing the expression of 

megakaryocytic markers such as gpIIbAIIa. Some researchers have gone so far as to show 

that the bcM apoptosis suppressor gene is overexpressed during K562 megakaryocyte 

differentiation and downregulated during erythroid differentiation [15,41]. 



In contrast to what some have reportai [14,32,105], we did not detect any 

expression of the gp1IbAIIa wmplex in untreated K562 cells. Usually, as is the case 

dunng phorbol ester induced K562 megakaryocyte differentiation, the expression of 

gpIIb/IIIa or other markers such as platelet peroxidase becornes upregulated, paraileled 

with a downregulation in the expression of erythroid markers [12,32,40,42]. From our 

observations there exist a few possibilities as to why we did not first, detect gpIIb/IIIa 

expression at the onset of the experiment and second, observe a comparative 

downregulation in gpIIblIIIa with upregulated erythroid-like expression. 

To begin with, gpIIb/IIIa expression is çonsidered by many to be an early antigenic 

determinant of megakaryocyte maturation [39,106,108], preceded only slightly by the 

appearance of platelet peroxidase activity in the nuclear envelope and strands of the rough 

endoplasmic reticulum [32,40]. Some authors have demonstrated the elementary 

expression of both gpIIb and gpIIIa in untreated K562 cells [39], and have used such 

monoclonal antibodies as P2 [12,60], 52 [12], and J15 [108] to detect an increased 

expression of this complex fiom 8% to 87% upon phorbol dibutyrate induced 

differentiation [12]. Othen believe that in K562 cells gpIIIa synthesis does not require 

concomitant gpIIb synthesis [109], and that only the former increases in expression upon 

treatment with phorbol esters [ lî,32,lO9]. Consequently, these authors detected large 

increases in gpIIIa expression, while detecting gpIIb/IIIa complex inmeases of only 5% to 

8% [ 1 7,321. Although either of these explanations may be true, it is believed that we 

should have detected some expression of the gpIIb/IIIa complex in untreated cells using 

the P2 mAb, even if the level of expression did not increase with dexrazoxane exposwe, 

provided that the K362 clone we were using was the same as used by other such 



researchers. Gewirtz et ai. 1391 attributed their failure to detect gpIIbmIa on untreated 

K562 cells due to a highly restrictive antigenic recognition. They claimed that 

glycoproteins such as gpIIb/IIIa on K562 cells may be assembled differently and have 

altered patterns of giycosylation which would make hem unrecognizable to a rnAb such as 

P2 raised against the nomal complex [39]. The amount of specific rnAb used in 

accordance with Coulter-lmmunotech guidelines, was obviously sufficient enough to 

generate non-specific binding. Therefore, any desired specific binding not obtained could 

be attribut4 to such reasons as raised by Gewirtz et al. [39], or quite simply that the 

complex was indeed not present on the cells. 

in summary, we have shown that the non-cleavable complex forming 

topo i somerase II inhibitors known as the bisdioxopiperazines, speci ficall y dexrazoxane, 

are able to induce erythroid-like properties in K562 cells. The fact that the differentiation 

process was paralleleci by the eventual development of apoptosis, irrespective of the 

mechanism of topoisomerase II inhibition is of significance given that these cells possess 

inherent anti-apoptotic properties [56,61,76,82]. Exposure to dexrazoxane additionaily 

resulted in the continuation of ce11 cycling to higher ploidy levels in the absence of M e r  

ce11 division. This was proposed to be a consequence of the mechanism of dexrazoxane- 

induced topoisornerase II inhibition and the absence or mutation of mitotic checkpoint 

controls, rather than the wncwent differentiation towards a megakaryocytic lineage. 

Although the development of polyploid erythroid-like cells by dexrazoxane appears to be 

an unusual phenornenon, it does not necessarily preclude fiirther investigation of its ability 

ta induce differentiation in other leukernic ce11 lines. Perhaps this form of induced tumor 

celt differentiation in combination with other agents such as cytokines may create new 



therapeutic strategies towards the effective treatment of leukemia Furthemore, a better 

understanding of apoptotic resistance mechanisms in K562 and other leukemic cells may 

be obtained b y virtue of  the non-cleavable cornplex- forming topoisornerase II inhibition 

mechanism of the bisdioxopiperazines. 
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Chapter 4 Development and charrcterization of a human erythroteukemic K562 
cell h e  with acquired resistance to dexrazoxane 

4.1 Introduction 

Since the 1940's a number of anticancer and cytotoxic agents have been developed. 

The use of some of these dnigs in specific combinations and dosing periods revolutionized 

the treatment of acute lymphoblastic leukemia (ALL), Hodgkin's and non-Hodgkin's 

lymphomas; and a varierty of  other solid tumors [l]. However, despite these advances 

many patients exhibit a clinical resistance or non-responsiveness to anticancer agents at. 

some point during the course of their disease. This observed dnig resistance is an 

important obstacle to be overcome before effective treatment can be given. Dnig 

resistance can either be intrinsic, or acquired at some point during the course of treatment 

a d o r  upon relapse of the disease. The Goldie-Coldman hypothesis proposed that the 

failure of chemotherapeutic regirnens was in part due to the selection and overgrowth of 

dnig resistant clones within a turnor, which develop by spontaneuus genetic mutation 

ancilor adaptation [2,3]. The first course of chemotherapy treatment in a patient may oflen 

result in the successfül attauiment of remission. However, a tiny population of d m g  

resistant mutant cells may begin to grow exponentially while the dnig sensitive population 

recovers. As tumor growth continues subsequent courses of chemotherapy may have no 

apparent effect, and patient death is inevitable [4]. The curability of many tumors is 

related to such factors as the type of turnor, its locale, limiting drug toxicities, tumor 

growth kinetics, and the mechanism(s) of drug resistance upon relapse [ 1 1. 

Theoretically, there are many different ways cells cm become resistant. Some of 

the spontaneous changes or mutations feahired in h g  resistance include: gene transfer, 



gene amplification, gene deletion, point mutations, and trauscriptional activation. These 

changes affect cellular drug handling by changing one or more proteins, and ultimately 

underlie several mechanisms of dnig resistance. Such mechanisms include: (i) reduced 

dmg delivery, (ii) decreased drug uptake, (iii) increased dnig efflux, (iv) reduced metabolic 

dmg activation, (v) increased h g  inactivation, (vi) h g  sequestration, (vii) increase in 

intracellular concentrations of target molecules, (viii) structurai aiterations in these target 

molecules, (ix) increased detoxification of cytotoxic h g ,  (x) increased repais of damaged 

target sites, and (xi) increase in normal substrate concentration to outcompete the dnig for 

target site binding [SI. 

Each of the biochemical mechanisms of resistance have been characterized for a 

number of different drugs [S-71. Resistance to some dmgs can be conferred by more than 

one mechanism. On many occasions though, it has been invariably observed that tumor 

cells confer a simultaneous cross-resistance towards a vast number of stnicturally and 

functionally unrelated cytotoxic drugs, many of which are anticancer agents [5,8]. This 

phenotypic expression has been refmed to as multidmg resistance (MDR) or pleiotropic 

resistance. The significance of multidrug resistance is that it is thought to occur mainly by 

the resistance mechanisms affecting h g  transportation or drug detoxification. 

Multidnig resistance (MDR) is clinically one of the most important modes of dmg 

resistance whereby the acquistion of this phenotype by malignant cells has been thought to 

be a major factor in limiting successfbl chemotherapy [9]. MDR cell lines may develop 

cross-resistance towards a spectrum of wide ranging, structurally unrelated cytotoxic 

agents which include: colchicine, Vinca alkaioids (vincristhe, vinblastine), taxol, 

epipodophyllotoxins (etoposide, teniposide), anthracyclines (doxorubicin, daunonibicin), 



and actinornycin D [2]. The principal similarity between these dmgs is that they are 

generally lipophilic and heterocyclic in nature [ 1 0 j. 

The MDR phenotype has been demonstrated in a number of different drug resistant 

ce11 lines derived fiom several mammalian species including mwine, hamster, and human 

[l ,SI. These MDR ce11 lines can be selected in a single step using a cytotoxic agent, 

without prior mutagen treatment [2,8]. Generally, MDR ce11 lines display the highest 

degree of resistance towards the selecting agent, and lower degrees of resistance towards 

other compunds.  in some cases though, the MDR ce11 line may in fact show the greatest 

resistance towards a structural analogue of the selecting agent [9] andor collateral 

sensitivity towards a variety of hydrophobie compounds including lidocaine, anabolic 

steroids and Triton X-100 [1,8]. 

A consistant feature of the MDR phenotype is a decreased intracellular 

accumulation of cytotoxic agents. Multidnig resistant cells are able to maintain lower 

intracellula. sublethal levels of these drugs than their corresponding dnig sensitive parent 

cells Ei 1 3. Reduced passive drug influx, increased dmg efflux, and altered intracellular 

drug binding have al1 been implicated to explain this observeci feature [l]. Perhaps the 

most consistent change associated with MDR ce11 is the increased expression of a 150-200 

Kd transmembrane glycoprotein [a]. This glycoprotein was named P-glycoprotein (Pgp) 

for its association with the obsewed pleiotropic phenotype in MDR cells and with the 

apparent permeability barrier to various drugs within the MDR spectnun [4,9]. 

Drug-resistant ce11 lines cm be commonly derived in the laboratory by exposure to 

virtually any single chernotherapeutic agent. Upon their establishment these resistant 

clones may exhibit cross-resistance to many stnicturally and fùnctionally unrelateci 



compounds to which they have not yet previously been exposed 1121. The clinical 

perception and definition of resistance is based on the tirne to treaûnent failure, rather than 

tumor response to treatment [ 1 31. Aithough careh11 y selected dmg-resistant ce11 lines used 

in preclinical studies are not always good models of in vivo dmg resistance they have 

expanded our knowledge of the biochemical mechanisms underlying such resistance. 

Described in the following study is the isolation and preliminary charactexization of 

a human erythroleukemic K562 ce11 line selected for resistance towards the non-cleavable 

compIex-foming topoisomerase ii inhibitor dexrazoxane. The first few sections of this 

chapter deal with describing the drugging protocol used to select a dexrazoxane-resistant 

ce11 population, followed by the isolation of single cell clones and the meastuement of their 

respective growth rates, doubling times, and resistance factors by MTS cytotoxicity 

analysis. With the selection of the most ideal clone, the stability of doubling time and 

resistance towards dexrazoxane was monitored. The degree of cross-resistance towards 

other bisdioxopiperazine analogues and a few cleavable cornplex-fonning topoisomerase II 

poisons was assesse. by MTS cytotoxicity analysis. As a prelude to future studies of 

elucidating the mechanism of resistance exhibited by these cells, dexrazoxane cytotoxicity 

was evaluated in the presence of verapamil, a known inhibitor of multidrug resistance 

trammembrane efflux transporter, P-glycoprotein. And finally as a continuation, or rather 

extension of the work çonducted in Chapter 3 with parental K562 cells, the prospect of 

induced erythroid-like diflerentiation and apoptosis were investigated to a limited extent 

with this newly established dexrazoxane-resistant K562 cell line. 



4.2 Materiais and general protocols 

4.2.1 Drugs, chemicals, and reagenb 

Dexrazoxane (2inecarda, IC W- 187)- ADR-925, and doxorubicin were gifts of 

Pharmacia & Upjohn (Columbus, OH, U.S.A.). Etoposide (VP-la), was obtauied from 

Sigma Chemical Co. (cat. No. E-1383), ICRF-193 and ICRF-154 were previously 

synthesized in Our taboratory. DMSO used to dissolve dmgs, (99.5% cat. No. D-5879), 

trypan blue dye (cat. No. T-6 l46), HEPES (ce11 cuIture grade, cat. No. H-9 1 36), verapamil 

(cat . No. V-4629), benzidine dihydrochlonde (cat. No. B-03 86), and ce11 culture tested 

agar (cat. No. A-991 5) were obtained from Sigma Chernical Co. (St. Louis, MO, U.S.A.). 

Acetic acid (1 N, cat. No. 3 1,859-0) was obtained fiom Aldrich Chemical Co. (Milwaukee, 

WN, U.S.A.). Sodium chionde (NaCl, cat. No. AC-8304) was obtained fkom Anachernia 

Ltd. (Toronto, ON). Sodium bicarbonate (NaHC03, cat. No. BP328-079) was obtained 

fiom Fisher Scientific (Fairlawn, NJ, U.S.A.). Dulbecco's phosphate buffered saline (PBS, 

cat. No. D-5652), Dulbecco's modifiai eagle medium (DMEM, cat. No. 12800-0 17), 

penicillin-streptomycin (cat. No. 25200-072), fetal bovine s e m  (FCS, cat. No. 26140- 

079), and ceII culture Feezing medium-DMSO (cat. No. 11 101-01 1) were obtained fiom 

Gibco-BRL, Life Technologies Inc. (Burlington, ON). NazEDTA (cat. No. 10093) was 

obtained from BDH Chernicals Ltd. (Toronto, ON). MTS, CellTiter 96@ AQua, One 

Solution Ragent  (cat. No. G3580) was obtained from Promega Corp. (Madison, WI, 

U.S.A.) and stored at -20°C protected from light. Isoton II Coulter balanced electrolyte 

solution (cat. No. PN 8546719) was obtained fkom Beckman Coulter Inc. (Burlington, 

ON). Carbon dioxide (standard grade) was purchased fkom Welder's Supply (Winnipeg, 



MB). Microtitre plates 96-well (cat. No. 83.1835) and 24-well (cat. No. 83.1836), T- 

25cm2 (cat. No. 83.18 10.502) and ~ - 7 5 c r n ~  (cat. No. 83-18 13.502) PE green 0.2 pm vented 

plug capped flasks and al1 other plasticware were obtained fiom Sarstedt Inc. (St. Leonard, 

PQ). 

4.2.2 Preparation of d ~ g s  and reagents 

Dexrazoxane (MW = 268.28 g/moI), ADR-925 (MW = 302.3 ghnol), and verapamil 

( M W  = 454.6 g/mol) were dissolved in ce11 culture medium (DMEWFCS) and filter 

sterilized through a 0.2 pm acetate filter. Etoposide (MW = 588.6 g/mol), doxorubicin (MW 

= 543.53 ghol ) ,  ICRF-193 (MW = 282.3 g/mol), and ICRF-154 (MW = 254.25 g h o l )  were 

dissolved in 99.5% DMSO by bnef sonication and heating in a 37OC water bath and added 

to ce11 cultures such that DMSO concentrations did not exceed 0.5% (v/v). 

Human erythroleukemic KS62 cells, donated by Dr. Jack C. Yalowich (University 

of Pittsburgh School of Medicine, Pittsburgh, PA, U.S.A.) were grown as suspension 

cultures in T-flasks in DMEM containing 20 rnM HEPES, 1 00 units/mL penicillin G, 100 

pg/mL streptomycin, 10% (v/v) fetal bovine serum in an atmosphere of 5% (v/v) CO2 and 

95% (v/v) air ai 37OC (pH 7.1). Ce11 densities (celldmL) in cultures were assessed fiom 

aseptically removed aliquots by the use of a mode1 Coulter counter (Coulter Electronics, 

Hialeah, FL, U.S.A.), as explained in Appendix A.2. 



4.2.5.1 Assessrnent of viability 

Trypan blue dye (0.6% w/v) was prepared by dissolving 0.6 g of dye in d m 2 0  

containing 150 mM NaCl and 1 mM Na2EDTA. Ce11 viability was assessed in a m a n  

blue dye exclusion andysis by diluting culture samples 1:l with trypan blue dye. A 

minimum of 500 cells were counted in a hemacytometer chamber followed by the 

determination of the percentage non-viable (blue) cells per total number of cells counted. 

4.2.5.2 Benzidine staining assay for hemogiobin expression 

The percentage of cells containing hernoglobin was estimated by staining with 

benzidine [14]. A stock solution of 0.2% (w/v) benzidine dihydrochlonde in 0.5 M acetic 

acid was prepared, and was stable for months at 4OC. For each estimation a b h  solution 

of 0.4% of 30% (v/v) Hz02 in the benzidine stock solution was prepared. Next, a one-tenth 

volume of the stain solution was added to the ceIl suspension to be tested or 10 pL for 

every 100 PL ce11 suspension. The mixture was then exarnined in a hemacytometer 

charnber afier 5 min under bright-field light microscopy. At least 500 cells of normal size 

or larger were counted per sample using a 40X objective lens for an accurate estimation of 

the number of benzidine-positive (blue) cells present. 

4.2.5.3 Normalization of ceii counts from cultures in which media is replaced 

Final growth cwves in media replenished cultures were normalized for slight 

fluctuations in ce11 densities and volumes. In brief, nomalization was achieved by 

multiplying in order of ceIl densities, by a numerid factor (+) in which the ce11 density 



changed from its determination after centrifugation and resuspension, to the following 

24 hr interval (see Section 3.2.2.2.1). 

4.2.5.4 Determination of growth rates and doubling times of cultured cells 

As explained earlier in Section 3.2.2.2.2 in M e r  detail the following single 

exponential nse equation was used in SipaPlot (Jandel Corp., San Rafael, CA, U.S.A.) to 

empirically calculate the growth rate and doubling tirne of ceil cultures when conditions of 

exponential growth were evident. 

C, = CoeU where, Ci = the ce11 density at t h e  t (cells/mL) 
Co = the starting initial seeded ce11 density (cells/mL) 
e = the base of the natural logarithrn 
r = the growth rate constant (hr ") 
t = the time (hr) at which C, is detennined 

4.2.4 Cryogenic freezing of celis and their recovery afterwards 

Approximatel y 5x 1 o6 cells were removed in replicate fiom culture and centrifugeci 

at 250 g for 12 min. This was followed by the careful, separate resuspension of the ce11 

pellets into 1 mL aliquots of ce11 culture freezing medium containing 5% DMSO. Cells 

were then placed into cryovials, set upright in a styrofoam container, and stored ovemïght 

at -80°C to allow for gradua1 freaing. Afterwanis vials were then ixnmersed in a liquid 

nitrogen dewar. When needed, cryogenic storage vials containing cells were rapidly 

thawed in a 37OC water bath. The cells were then aseptically rernoved and washed once 

with 15 mL of culture medium by centrifiigation. Afterwards, cells were grown in T-75 

tlasks in 5% (v/v) COÎ and 37°C and passed twice before use in any experiments. 



4.3 Acquisition of dexruoxane-resistance through conünuous exposure 

4.3.1 Introduction 

Of key importance in the establishment of a stable drug resistant ce11 line is the 

ability to maintain a selection pressure so as to provide a growth advantage for single cells 

which sustain a desirable mutation andior otherwise exhibit dmg resistance. In the 

following section are outlined the sequence of observations and drugging protocots that 

were used to establish a dexrazoxane resistant K562 ce11 line, as well as the preliminary 

analyses conducted to confïxm its resistance prior to cloning. 

4.3.2 Methods 

4.3.2.1 Dexrazoxane drugging protocol 

K562 cells were made resistant to dexrazoxane by continually exposing the cells to 

a relative1 y high concentration of dexrazoxane, at l em 5 times greater than the previously 

detmined median growth inhibitory (ICso) concentration of -20 p M  (Table 3.5). A 

concentration of 100 FM dexrazoxane was chosen so as to mimimize the time spent 

eliminating the most sensitive cells in the population while at the same time not inducuig 

total ce11 kill. The dmgging procedure utilized to establish a dexrazoxane-resistant ce11 

population followed, as described below, two extensive periods of daily exposure 

accompanied by intermittent periods of ce11 recovery. Previous experiments had shown 

that daily exposure to LOO p M  of dexrazoxane would be sufficient enough to halt M e r  

ce11 division (Fig. 3.6 and 3.14), as well as ensure a topoisornerase II-inhibitory 



concentration of dexrazoxane [15], given that its half life at pH 7.4 of 9.3 hr [16]. 

However, once removed after the first few days of treatment, it was found that these cells 

would gradually recover to relatively normal growth rates (Fig. 3.14 and Table 3.9) and 

normal morphology. Therefore, it was presumed that a continuous exposure to 

dexrazoxane over an extensive period time would act to gradually kill off those cells 

unable to tolerate the dnig while allowing cells with an inherent or acquired resistance to 

dexrazoxane to evenhially form the majority of the ce11 population. 

Exponentially growing K562 cells were diluted into T-75 flasks at 0 . 8 ~ 1 0 ~  

cells/mL with k h  DMEM, supplemented with 10% (vh) fetal calf serum. This was 

followed by the administration of a requiste concentration of dexrazoxane at 4 0 %  (v/v), 

prepared as described in Section 4.2.2 such that the final concentration in culture was 100 

PM. Cells were aseptically removed daily, centrifbged at 250 g for 12 min, and 

resuspended in -80% (v/v) fiesh DMEM/FCS to total volumes that allowed for the 

attainrnent of ce11 densities approxirnately equivalent to that of before centrifugation. This 

was followed by a subsequent exposure to 100 FM of dexrazoxane, administered in the 

same fashion as before. The changing of media on a daily basis not only replenished 

depleted nutrients but also allowed for the removal of metabolic waste and ce11 debris 

which would othenvise have unnecessarily retarded the growth of any dexrazoxane- 

resistant cells. in conjunction with a previous experiment the growth of these cells over a 

two week period was followed by ce11 counting on a mode1 Zr Coulter counter and 

displayed in Fig. 3.14. 

After this two week period of continuous exposure to dexrazoxane, the K562 ce11 

culture consisted mostly of enlarged cells, previously shown to be polyploid (Fig. 3.12) as 



well as a great deai of ce11 debns ancilor apoptotic bodies. Cells were then transfmed to 

media in the absence of dexrazoxane and proceeded to double once in o v d l  ce11 density 

over the period of one week as cells of normal size slowly began to overtake the 

population. At this point the entire population of celis were cryogenicaily fiozen (see 

Section 4.2.4) for three weeks until they could be once again started up at the beginning of 

the new year (1999). Subsequently, these cells were removed from the liquid nitrogen and 

allowed to grow in DMEM/FCS without dexrazoxane until exponential growth ensued 

after the period of one week. 

Once the ce11 population had for the most part recovered, a secondary, more 

extensive four week duration of dexrazoxane treatment was conducted. However, 

dexrazoxane was not added with b h  media everyday as before. Instead, media was 

changed every other day by centrifugation as dexrazoxane was added everyday so as to 

ensure a sustained drug concentration of -80-150 PM. Initially, the morphological 

changes in the ce11 population were the same as  before during the previous dexrazoxane 

treatment period. Some ceils becarne enlarged in size and remained healthy while others 

disappeared fiom the population due to ce11 death. This result was a clear indication that 

the initial two week treatment regimen had not sufficiently established a dexrazoxane- 

resistant ce11 population of any accord. However, by the end of the third week during this 

secondary treatment regimen ce11 growth was beginning to appear normai in the presence 

of dexrazoxane as very few enlarged cells or little ce11 debns remained in culture. The 

population now consisted mostly of cells which appeared for al1 purposes normal in 

morphology and size when compared directly to unexposed K562 cells. These cells when 

viewed daily appeared to rapidly increase in nwnber and were present in the form of 



doublets or small aggregates. This resuit suggested that exponential growth was beginning 

to occur in the presence of dexrazoxane. 

4.3.2.2 Preliminary analysis of growth rate and dexrazoxane cytotoxicity 

In order to properly assess the extent of dexrazoxane-resistance as well as the 

growth rate of this new KS62-derived ce11 population, named K562R.B pnor to cloning the 

following preliminary experiments were conducted. Exponentially growing cultures of 

K562 and K562R.B were diluted with DMEM/FCS to startîng ce11 densities of 0.75~10' 

cells/mL into one and two T-75 flasks, respectively. One flask containing K562RB cells 

served as an undrugged control whereas the other was treated daily with 100 p M  of 

dexrazoxane accompanied by media replacement, in the same manner as before. Ce11 

densities were detennined at indicated times fiom removed sarnple aliquots on a mode1 Zr 

Coulter counter using a threshold setting of 7 (100 pm aperture tube, l/arnp. = 2, 

l/ap.current = 8, diameter cutoff z 8.7 pm), as explained in Appendix A.2. The relative 

percentage of benzidine-positive cells staining for hemoglobin expression was assessed as 

previously described (Section 4.2.5.2). Finally, growth rates and doubling times of al1 

cultures were subsequently determined (Section 4.2.5.4) so as to draw cornparisons to the 

parental K562 ce11 line. 

Dexrazoxane cytotoxicity by ce11 counting analysis was assessed by diluting 

exponentially growing K562 and uncloned K562RB cells to ce11 densities of 0.6~10' 

cells/mL and 0.96~ 10' cells/mL, respectively in 6-well tissue culture plates, total volume 

3.4 mL. This was followed by the addition of 0.1 mL of the requisite stock solution of 

dexrazoxane to produce the daired h a 1  concentration as single determinations. AAer 



72 hr of growth at 37OC with 5% (v/v) CO2 ce11 densities were detennined on a mode1 

Coulter counter using a threshold setting of 20 (1 00 pm aperture tube, l/amp. = 2, 

1 /ap.current = 8, diameter cutoff E 1 1.9 pm). The median dexrazoxane inhibitory 

concentration (ICso) was detennùied in the same fashion as previously described (Section 

3.2.2.4.4) firom constnicted dose-response curves of ceIl density versus dexrazoxane 

concentration. 

4.3.3 Results 

Displayed in Fig. 4.1 a are the growth curves of K562 cells and the dexrazoxane- 

resistant heterogeneous KS62RB ce11 population. K562RB control cells were shown to 

proliferate at an exponential rate which differed from that of the parental KS62 ce11 line 

(Table 4.1). Unexposed K562R.B cells had a doubling tirne of 3 1 hr as compare- to K562 

cells which doubled every 20 hr. Upon daily expowe to dexrazoxane the growth curve 

and doubling rate of K562RB cells was not substantially effected. Control unexposed 

K562RB and dexrazoxane-exposed K562RB cells exhibited comparable levels of 

hemoglobin expression which were significantly higher than that of parent K562 ceils (Fig. 

4.1b). However, as bnefly displayed in this figure benzidine-positivity gradually 

diminished fiom the K562R.B culture as it continued to proliferate. One week afier this 

experiment was conducted both of these K562RB ce11 cultures, exposed to dexrazoxane for 

a total of five and six weeks respectively stained 6% positive for hemoglobin expression. 

This suggested that hemoglobin containing K562RB cells were in part not dividing, as 

concluded earlier (see Fig. 3.14). Dexrazoxane cytotoxicity analysis of K562RB cells by 

ce11 counting (Fig. 4.2) revealed that although these cells had not yet been cloned they 



exhibited a significantly high degree of dexrazoxane resistance. As deterrnined using a 

three-parameter logistic equation the median growth inhibitory concentration of 

dexrazoxane towards K562RB cells was found to be 2040 f 320 PM. When compared to 

the previously detemiined ICs0 value of 17.0 t 1.1 FM for parental K562 cells (re-plotted 

in Fig. 4.2 h m  Fig. 3.8) this was a 120-fold increase in resistance. 
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Fig. 4.1. Examination of ceU growth and benzidioepositive striining in the 
heterogeneous dexruoxane-resistant K562RB ceii line. K562 (a) and K562RB (m) 
cells were seeded at 0 . 7 5 ~ 1 0 ~  celldml in T-75 flasks. A separate flask of W62RB cells 
were treated with 100 pM dexrauixane daily with media replacement (A). At indicated 
times (a) cell densities were determined on a Coulter counter (threshold of 7, 100 p m  
aperture, diarneter cutoff z 8.7 pm) followed by normalization; and (b) relative 
hemoglobin expression was assessed upon benzidine staining. 

Table 4.1. Growth rates and doubling times of K562 and dexrazoxane-resistant 
K562RB cells. 

~ u r a t i o ~ i f  exposure I S.E. C.V. t 

K562RB cells exposed daily with 1 1.98E-02 2.16E-O4 1.1 
media replacement 

Unexposed control K562 cells 
Unexposed KS62RB cells 

3.39E-02 1 S6E-03 4.6 20 
2.23E-02 5.30E-04 2.4 3 1 



[dexrazoxane], pM 

Fig. 4-2. Ceii counting analysis of derrazosane-mediated cytotoxicity towards K562 
and uncloned K562R.B eeUs. K562 (e) and K562RB (O) cells were seeded at 0 . 6 ~ 1 0 ~  
cells/mL and 0 . 9 6 ~ 1 0 ~  cells/rnL, respectively in 6-well plates. After 72 hr of growth in 
the presence of various concentrations of dexrazoxane ce11 densities were determined on 
a mode1 Zr Coulter counter (threshold of 20, 100 p m  aperture, diameter cutoff z 1 1.9 
pm). Curves represent the result of least squares non-linear regression fits of measured 
values to three- or four-parameter logistic equations. The lowest concentrations are the 
zero values, plotted for convenience on a logarithmic scale with arbitrary values. 
K562RB cells were 120-fold resistant, with a dexramxane ICSo value of 2040 f: 320 FM, 
as compared to parental cells, 17.0 f 1.1 PM. K562 cytotoxicity data is re-plotted from 
Fig. 3.8. 



4.4 Seleetion and propagation of dexrazoxane-resistant strains of K562 cells 

1.4.1 Introduction 

As described in the preceeding section a dexrazoxane-resistant KS62 ce11 

population had been established. However, due to the likelihood of hetereogenous 

dexrazoxane-resistance it was necessary to estabtish a series of dexrazoxane-resistant ce11 

lines propagated from single ce11 clones. In the following section K562RB cells which 

had been exposed to dexrazoxane for a total of six weeks to establish resistance were 

cloned from soft agar. Upon the establishment of several viable dexrazoxane-resistant 

K562 ce11 lines the measwement of growth rates and the degree of dexrazoxane resistance 

by MTS cytotoxicity analysis allowed for the selection of the best ce11 line for future 

research. 

4.4.2 Methods 

4.4.2.1 Cloning in soft agar 

Preparation and dispensing of stock agar solution: A 0.5% (w/v) stock agar solution was 

prepared by adding 1 g of agar powder to 30 mL of ddH20, autoclaving for 30 min, then 

cooling to 55°C in a water bath. Next, 170 mL of DMEM containhg 15% (vk) FCS was 

added to this solution at 55°C. Finally, 14 mL of this molten agar solution was added to 

each of several 100x20 mm culture dishes and allowed to gel and dry for 20 min at room 

temperature. 



Exponentially growing K562RB cells were removed from suspension culture and 

prepared to a density of  O. 15x 10' cells/mL with DMEM/FCS (1 5% v/v). Into six wells of 

a 24-well tissue culture plate was added 0.8 mL of DMEM/FCS (15% vlv). Next, the 

K562RB ce11 suspension was diluted in series 1 5  by the addition of 0.2 mL (i.e. 3000 

cells) to the first well, mixing, transfeng 0.2 mL to the second well and so forth with 0.2 

mL discarded fiom the final well. Once the stock agar solution had cooled to 4S°C then 1 

mL was added to each well, mixed, and transfmed dropwise to separate agar containing 

100x20 mm culture dishes. 

Culture dishes containing embedded single K562RB cells were allowed to grow at 

37°C and 5% (vh) CO2 until visible colonies had formed containing over 100 cells/colony. 

A h  a period of 10 days of growth over 30 colonies were individually picked off using a 

1000 pL pipettor tip. These were then transfmed into 1 mL of DMElWFCS (1 5% v/v) in 

separate wells of a 24-well tissue culture plate for further growth. A h  a 2 week period of 

growth the entire contents of 10 separate wells were t r a n s f d  to T-25 flasks containhg 

DMEMECS for fùrther growth. Upon reaching a state of exponential growtb these 

dexrazoxane-resistant P Z )  K562 ce11 clones were given the name K562/DZ with a suffix 

ranging fiom 1-1 0. Prior to, and after the execution of the following expenments which 

measured growth rates and degree of dexrazoxane cytotoxicity, approximately 5x 1 o6 cells 

of each K562/DZ clone were cryogenically fiozen for preservation, as previously described 

(Section 4.2.4). 



4.4.2.2 Measurement of growth ntes rad doubling times of K562/DZ clones 1-10 

Exponentially growing cultures of K562/DZ clones 1-10 were diluted with 

DMEM/FCS to starting ceIl densities of - 0 . 5 ~ 1 0 ~  cells/mL into separate T-75 flasks and 

allowed to grow for up to 5 days without intervention. Ce11 densities were detemined at 

indicated times fiom removed sample aliquots on a mode1 Zf Coulter counter using a 

threshold setting of 7 (100 pm aperture tube, Ilamp. = 2, 1lap.cment = 8, diameter cutoff 

; 8.7 pm), as explained in Appendix A.2. The growth rates and doubling times of d l  

cultures were subsequently determined using the single exponential nse equation, 

C, = Co e " as previously described (Section 4.2.5.4). 

4.4.2.3 MTS analysis of dexrazoxane cytotoxicity in KS62/DZ clones 1-10 

4.4.2.3.1 Seeding of microtitre plates 

Exponentially growing K562DZ clones 1 - 10 were diluted to one of three chosen 

ce11 densities based in part on their pre-deteRnUled rate of growth. It was previously 

shown through optimization of the MTS assay (Section 3.2.3.2) that a ce11 density of 

32.000 cells/well in control columns at the stage of analysis was idedly within the range of 

sensitivity for accurately resolving a growth inhibition curve. Therefore, based on the 

different doubling times of the K562/DZ clones, cells were seeded into 96-well microtitre 

plates at either 2500 cells/well (K562/DZ1-6, 9), 5000 cells/well (K562DZ7, 8), or 7000 

cellslwell (K561/DZ10) such that there wodd eventually be 32,000 celldwell in control 

columns after 72 hr of growth. Cells were delivered into microtitre wells at 50 pUwell in 

replicate (x6) between columns 2- 12 and rows B-G using a multichannel pipettor. 



4.4.2-3.2 De fivery of drug to microtiîre plofes 

After the appropnate quantity of dexrazoxane was weighed and solubilized in 

DMEMIFCS as described in Section 4.2.2 h g  stock solutions were prepared and added tu 

microtitre plates at 40 pUwell irnrnediately after seeding. into al1 outer wells that did not 

contain cells (rows A and H, and column 1) was placed 100 pL of PBS for spectrophoto- 

rneter blanking and/or the prevention of evaporation fiom inner wells containing cells and 

dmg. To fiuther maintain a consistent volume of 90 pUwell in al1 imer wells each plate 

was wrapped individually with Saran wrap (Dow Brands Canada Inc., Paris, ON) before 

placing in the incubator at 37OC with 5% (vlv) COz. 

4.4.2.3.3 Measurement of cy tu foxic effects 

AAer 72 hr of growth in the presence of dexrazoxane, a suitable amount of the 

MTS one solution reagent (Promega Corp., Madison, WI, U.S.A.) was rernoved aseptidly 

and placed into a sterile boat after thawing for 15 min in a 37OC water bath. Into the 

appropnate welis of each microtitre plate was added 10 pL of MTS reagent such that the 

final volume per well was 100 PL. Plates were then incubated for 3 hr at 37OC in a 

humidified, 5% (vh) CO2 atmosphere after which time a Thermomax 96-well plate reader 

(Molecular Devices, Menlo Park, CA, U.S.A.) was used to measure absorbance at 490 nm 

in the wells. Absorbance was corrected for non-specific, scattered light by subtracting the 

absorbance at 650 nm fkom the absorbance at 490 nm. Dose-response cuves were 

subsequently constmcted, and the median dexrazoxane inhibitory concentration (ICso) was 



determine. upon non-linear least squares fitting to a four-parameter logistic equation, 

Ab.sqgm~ = (a - d )  / ( I + (X / c ) ~ )  + d, as previously described (Section 3.2.2.4.4). 

4.4.3 Results 

Displayed in Fig. 4.3 are the growth curves of dexrazoxane-resistant K562/DZ 

clones 1-10 which were propagated fiom single ce11 colonies of the heterogeneous 

K562RB ce11 population. Al1 K562/DZ clones were shown to be - 1 W h  viable b y a trypan 

blue dye exclusion analysis (data not shown) and appeared to proliferate in an exponential 

fashion. The calculated growth rates and doubling times of these ce11 lines are displayed in 

Table 4.2. Overall, the majority of K562/DZ clones exhibited doubling tirnes which were 

very close to that of the parent K562 ce11 line, previously shown to be -19 hr (Table 3.4). 

The appearance of a few clones with longer doubling times permitted the classification of 

three relatively distinct groups of KS6ZDZ clones based soley on doubling time: (i) 2 1-24 

hr (K562/DZ1-6, 9), (ii) 28-3 1 hr (K562DZ7-8), and (iii) 36 hr (KS6UDZlO). This slight 

variance in doubling time could in part account for the earlier determined mid-range 

doubling hme of  3 1 hr in the original heterogeneous K562RB ce11 population (Table 4.1). 

The individual values of the median inhïbitory concentration (ICso) of dexrazoxane 

towards each W62/DZ clone are presented in Table 4.3. Iilustrated in Fig.4.4 are the 

cytotoxicity profiles for dexrazoxane towards each of these clones as determined by MTS 

analysis. Although there had appeared to be a slight variability in doubling time, the 

dexrazoxane IC50 values in al1 K562/DZ clones were relatively the same within 

experimental mor.  The resistance factor was calculated fiom the ratio of the ICso value of 

each K562/DZ clones to the 1Cso value of parent K562 cells, previously established as  20.3 



PM by MTS analysis (Table 3.5). Overall, K56uDZ clones were shown to be -84-1 10- 

fold resistant to dexrazoxane as compared to K562 cells. M e n  examineci microscopically 

after the 72 hr period of dexrazoxane exposure a few enlarged cells ( ~ 3 %  of the field of 

view) were identified only at exceedingly high dexrazoxane concentrations. Cells 

exhibited normal morphology at al1 other dexrazoxane concentrations below SOOO PM. 

For the purpose of M e r  research it was irnpractical to continue working with 10 

dexrazoxane-resistant K56UDZ clones. Reason dictated that the K56UDZ clone of choice 

for future experiments should proliferate relatively rapidly and exhibit a high degree of 

dexrazoxane resistance. The two seemingiy most rapid proliferating clones were identified 

as K562/DZ1 and K56UDZS. And, of these two clones, K562/DZ1 exhibited one of the 

highest measured degrees of dexrazoxane resistance, preceeded only by the two slowest 

proliferating clones K562/DZ8 and K562/DZ10. Therefore, based on these results alone 

the decision was made to continue al1 f h r e  experiments with the use of the KS62/DZ1 

clone. However, it rernains to shown whether any difference exists between K S 6 2 D Z  1 

and the other nine clones isolated. 
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Fig. 4.3. Growth curves of dexrazoxane-resistant K5621DZ clones 1-10. K562/DZ 
clones (a) 1-5 and (b) 6- 10 were seeded at initial ce11 densities of 0 . 5 ~ 1 0 ~  cells/mL and 
allowed to grow without intervention. At indicated times samples were removed and ce11 
densities were detennined on a Coulter counter (threshold of 7, 100 Pm aperture, 
diameter cutoff z 8.7 pm). 

Table 4.2. Growth rates and doubüng times of dexrazoxane-resistant K562lDZ 
clones 1-10. 

dexrazoxane-resistant 

clones 

K S.E. C.V. t 

(hr-') ('w Oir) 
3 -03 E-02 1.1 OE-03 3 -6 23 
3.29E-02 7.6 1 E-04 2.3 2 1 
3.OSE-02 1.78E-03 5.8 23 
3.00E-02 7.59E-04 2.5 23 
3.26E-02 1.1 1 E-03 3 -4 2 1 
2.84E-02 1.34E-03 4.7 24 
2.46E-02 1.16E-03 4.7 28 
2.22E-02 2.57E-03 11.6 3 1 
3.1 1 E-02 9.72E-04 3.1 22 
1.9 1 E-02 1.70E-03 8.9 36 
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Fig. 4.4. MTS analysis of dexrazoxane-mediated growth inhibition towards 
dexrazoxane-resistant K562n>Z clones 1-10. K562/DZ clones (a) 1, (b) 2 4 ,  (c) 5-7, 
(d) 8-10 were incubated for 72 hr in the presence of dexrazoxane. Absorbances at 
490/650 nm were detennined after a 3 hr incubation with MTS reagent. The cwves 
represent the results of l e s t  squares non-linear regression fits of rneasured values to a 
four-parameter logistic equation. The enor bars represent standard deviations. The 
lowest concentrations are the zero values, plotted for convenience on a logarithmic scale 
with arbitrary values. For the purpose of direct cornparison the dexrazoxane cytotoxicity 
profile towards parent K562 cetls is re-plotted here fiom Fig. 3.7. 



Table 4.3. Cytotoxicity of dexrazoxane towards dexrazoxane-resistant KS62/DZ 
clones 1-10 as determined by MTS analysis. 

dexrazoxane-resi stant 

clones 

KS62 
K562/DZ 1 
K562/DZ2 
K562DZ3 
K562DZ4 
KS62iDZ5 
K562/DZ6 
K562DZ7 
KS62/DZ8 
K562/DZ9 

K562/DZ 1 O 

IcsO S.E. C.V. Resistance 

(PM) (PM) (%) factorb 

20.3 1.9 9.5 - 
2 125.0 250.0 11.8 104.6 
2084.0 233.1 11.2 102.6 
2003 .O 193.7 9.7 98.6 
1901.0 148.9 7.8 93 -6 
1890.0 354.0 18.7 93.0 
1702.0 240.9 14.2 83.8 
1980.0 41 5.9 21.0 97.4 
22 16.0 447.3 20.2 109.1 
2009.0 215.3 10.7 98.9 
2230.0 4 19.4 18.8 109.7 

a Cytotoxicity was measured by MTS analysis with a 72 hr exposure to dexrazoxane. The 
ICSo value is the concentration of dexrazoxane at which ce11 growth is 50% of the 
maximum observed inhibition. These values were obtained by fitting absorbance 
measurements to a four-parameter logistic equation. 

b The resistance factor was calculateci fiom the ratio of the ICS0 for K562/DZ clones 1 - 10 
to the ICso o f  K562 cells, determined previously (Fig. 3.8). 



4.5 Retention of dexrazorane resistance in the selected K562fDZl ceiï Une and 
tbe measurement of cross-resistance towards other topoisomerase II 
inhibitory agents 

4.5.1 Introduction 

Once the dexrazoxane-resistant K562DZ 1 ce11 line had been established, i t was 

important to determine whether the resistance phenotype was merely transient, eventually 

reverting back to normal, or whether it could be maintaid for an extended period of time 

without the need for routine drug-challenging. Upon cryogenically f i d g  portions of the 

original K562/DZ1 ce11 line the remaining cells were passed regularly in the absence of 

drug and periodically examineci, as described in the following section in terms of growth 

rate and stability towards dexrazoxane resistance. 

Although these cells were originally selected for resistance towards dexrazoxane, 

the possibility rernained that they additionally exhibited cross-resistance to other 

structurally simila. analogs andlor agents targeting the same enzyme. To that effect 

growth inhibition experiments were conducteci in the following section on K562 and 

K562/DZl ce11 lines to examine the degree of cytotoxicity conferred by a variety of 

bisdioxopiperazine analogs and other topoisomerase II-targeted drugs. If cross-resistance 

could be identified it was hoped that this would form an integral part of futwe experiments 

to wards the elucidation of the exact mechanism of resistance acquired by K56î/DZ I cells. 



4.5.2 Methods 

4.5.2.1 Retention of growth rates and doubling times of KS62/DZ1 ceUs 

Exponentially growing K562/DZ1 cells were diluted with D M E W C S  to a starting 

ce11 density of - 0 . 5 ~  lo5 celldmL in a T-75 flask and allowed to grow without intervention. 

Ce11 densities were determined at indicated times fiom removed sample aliquots on a 

mode1 Zf Coulter counter using a threshold setting of 7 (100 pm aperture tube, l/arnp. = 2, 

1 /ap.current = 8, diameter cutoff z 8.7 p), as explained in Appendix A.2. The growth 

rate and doubling tirne of K562DZl cells were re-deterrnined one month after its originaI 

assessrnent using the single exponentiai nse equation, C, = Co e as previously described 

(Section 4.2.5.4). 

4.5.2.2 MTS analysis of cross-resistance towards some bisdioxopiperazines and 
cleavable cornplex-forming topoisornerase II poisons in K562/DZ1 ceils 

4.5.2.2.1 Seeding of microtitre plates 

Cytotoxicity analysis of the following topoisornerase II inhibitory agents towards 

K562/DZl cells which had been growing for two mont's in the absence of dmg was 

conducted cuncurrently with parental K562 cells, as outlined explicitly in Section 3.2.2.4. 

In bnef, exponentially growing cultures of K562 and K562/DZl cells were diluted to 

appropriate starting ce11 densities so as to seed 96-well microtitre plates at 1 800 and 2300 

cells/well, respectively. Based on an 18 hr and 2 1 hr doubling t h e  of K562 and 

K562lDZl cells respectively, ce11 densities would reach an optimal 32,000 cells/well in 



control columns after 72 hr of growth. For cytotoxicity analysis of drugs requiring 

solubilization in DMEMRCS, 50 pL of cells were added to each well, and for dmgs 

requinng solubilization in DMSO, 89.5 pL of cells were added in the same marner. 

4.5.2.2.2 Delivery of h g  to microtitre plates 

After the appropriate quantity of drug was weighed and solubilized as described in 

Section 4.2.2 drug stock solutions were prepared and added to microtitre plates 

immediately afler seeding to a total volume of 90 pUwell. Dnigs solubilized in 

DMEM/FCS (dexrazoxane, ADR-925) were added at 40 pUwell, and drugs solubilized in 

DMSO (ICRF-154, ICRF-193, etoposide, doxorubicin) were added at 0.5 pUwell, or 

4 . 5 %  (vh) as previously descxibed (Section 3.2.2.4.2). into al1 outer wells was placed 

1 00 pL of PBS for spectrophotometer blanking, and each plate was subsequently wrapped 

with Saran wrap (Dow Brands Canada Inc., Paris, ON) before placing in the incubator at 

37Oc with 5% CO& 

4.5.2.2.3 Measurement of cytotoxic eflects 

Afkr 72 hr of growth the MTS one solution reagent (Promega Corp., Madison, WI, 

U.S.A.) was thawed for 15 min in a 37OC water bath, and aseptically placed into a sterile 

boat. into the appropnate wells of each microtitre plate was added 10 pL of MTS reagent 

to a final volume of 100 pL/well. Plates were then incubated for 3 hr at 37°C with 5% 

(v/v) COZ afier which time a Thermomax 96-well plate reader (Molecular Devices, Menlo 

Park, CA, U.S.A.) was used to measure absorbantes at 490-650 nm in al1 wells. Dose- 



response cuves were subsequently constructeci, and median inhibitory concentrations 

(ICso) were determineci as before, upon non-linear l e s t  squares fittùig to the four- 

parameter logistic equation Abs,s01650 = (a - d )  / ( l + (x / clb) + d explicitiy described in 

Section 3.2.2.4.4. 

Upon its establishment afier cloning, the K562/DZ1 ce11 line was passed for up to 

two months in the absence of dexrazoxane before re-evaluating by MTS andysis its 

resistance towards dexrazoxane. Common practice wodd suggest that every 2-3 months a 

researcher should go back to the original ce11 stock in liquid nitrogen storage in order to the 

obtain a ce11 line most representative of the original population. With respect to human 

erythroleukemic K562 cells this may be of upmost importance due to its partially 

differentiated state which may graduaily change over time with continual passage. After a 

two month period of dmg-free growth the doubling time of K562/DZ 1 cells was found to 

have remained at 2 1 hr, as derived from the growui curve of Fig. 4.5. Although doubling 

tirne does not directly infer any relation to the stability of  dexrazoxane resistance, it may be 

presurned that the inability to reacquire the parental doubling time of 19 hr reflects sorne 

sort of stability. 

The cytotoxicity profiles for both the K562 parental and the K562DZ1 ce11 line are 

compared in Fig. 4.6. For the pwpose of a direct cornparison, al1 of the K562 cytotoxicity 

data in this figure are re-plotted fkom earlier reported data (Fig. 3.8), although both ce11 

lines were in fact examined çoncurrently. The bisphasic nature of the dexrazoxane 

survivd curves for K562 cells was previously atûibuted to the high mitochondrial 



reductase potential of a small number of enlarged cells able to exhibit a greater cornpetence 

for reducing MTS to foxmazan (Section 3.6.1). The dexrazoxane cytotoxicity profile of 

K562/DZl cells afler two rnonths of growth in drug-fkee media appeared mowphasic in 

nature (Fig. 4.6a), much like its previous analysis (Fig. 4.4a). The corresponding ICso 

value for K562/DZ1 cells was found to be 2568 -t 174 p M  (Table 4.4), which is very close 

to the previous estimation of 2 125 f 250 FM (Table 4.3). This result clearly indicates that 

the dexrazoxane resistance confmed by the K562/DZl ce11 line is extremely stable for at 

least a period of two months and may in fact 1 s t  much longer without reverting. 

The K562/DZ1 survival cuves of other exarnined topoisornerase II-inhibitory 

agents were for the most part monophasic in nature (Fig. 4.6). The only exceptions to this 

trend occurred upon analysis of the bisdioxopiperazines, ICRF- 193 and ICRF- 1 54 (Fig. 

4.6c, d). Due to solubility constraints, the highest concentrations of these drugs that could 

be teste. were 50 FM and 150 PM, respectively. Although parental K562 cells exhibited 

measurable survival curves within the indicated range of drug concentrations, this was not 

true with respect to K562/DZ 1 cells. As a result, ICRF-193 and ICRF- 154 showed a high 

degree of cross-resistance giving resistance factors of at least 93- and 4.5-fold, respectively 

(Table 4.4) as higher concentrations were limited by the solubility of these drugs. 

Although ICRF- 193 and ICRF- 1 54 displayed greater if not the similar cytotoxicity towards 

parental K562 cells as dexrazoxane, the degree of resistance observed in K562/DZ 1 cells is 

no t without reason given that these compounds are structural1 y sirnilar (Fig. 1 . l)  and target 

the same enzyme, topoisornerase II [15,17]. 

The fùlly hydrolyzed product of dexrazoxane, ADR-925 is produced with a half- 

time of 28 hr at pH 7.4 and 37OC [16]. In addition, ADR-925 has been previously 



demonstrated to possess no measurable inhibitory acîiviîy towards DNA topoisomerase II 

[ 1 51. Therefore, it was not surprising to identify relative1 y cornmon cytotoxicity profila 

(Fig. 4.6b) and ICso values (Table 4.4) of ADR-925 towards K562 and KS6UDZ 1 41s .  

These values which were 1229 i 202 FM and 638 + 52 p M  ADR-925, in K562 and 

K562/DZ1 cells respectively ideally correspond to the cytotoxicity exhibited in both ce11 

lines at extremely high concentrations of dexrazoxane. This similarity of ICso values has 

been previously seen in CHO and DZR cells, where upon the cytotoxicity at high 

concentrations of these dmgs was attributed to the chelation of magnesium and calcium in 

the medium by ADR-925 [ 1 81. 

Findly, two cleavable cornplex-forming topoisomerase II poisons, etoposide and 

doxorubicin 1191 were investigated as to their degree of cross-resistance towards 

K562/DZ1 cells (Fig. 4.6e, f). As noted earlier in Section 3.6.1 both etoposide and 

doxorubicin were able to induce a considerable cytotoxic effect at low dmg concentrations 

in the parental K562 cells. Upon analysis, K562/DZ1 4 1 s  were shown to display a 

moderate degree of cross-resistance towards etoposide and doxombicin generating 

resistance factors of 4- and 2.4-fold, respectively (Table 4.4). 



Fig. 4.5. Retention of exponential growth and douMing time in the K562ABZ1 cell 
line one month after first determination. K562/DZ1 cells were seeded into a T-75 
flask at an initial ce11 density of 0 .5~10'  cellslmL and allowed to grow without 
intervention. At indicated times samples were removed and ce1 1 densi ties were 
determined on a Coulter counter (threshold of 7, 100 Fm aperture, diameter cutoff s 8.7 
pm). The doubling time of K56UDZ 1 ceIls was determined to be 2 1 hr, in agreement 
wi th previous assessments. 



Fig. 4.6. MTS analysis of K562 and K562IDZ1 eeU growth inhibition by 
bisdioxopiperazines and other topoisornerase II inhibitory agents. K562 (O) and 
K562lDZl (O) cells were incubated for 72 hr with (a) dexrazoxane, (b) ADR-925, (c) 
ICRF- 193, (d) ICRF-154, (e) etoposide, and ( f )  doxorubicïn in 96-well microtitre plates. 
Absorbances at 490-650 nm were determined afkr 3 hr of incubation with MTS reagent. 
The c w e s  represent the results of least squares non-linear regression fits of measured 
values to a four-parameter logistic equation. The error bars represent standard 
deviations. The lowest concentrations are the zero values, plotted for convenience on a 
logarithmic scale with arbitrary values. Al1 K562 data is re-plotted fiom Fig. 3.7 for 
cornparison. 
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Table 4.4. Cytotoxicity of various topoisomerase II inhibitory agents towards 
K562/DZ1 cells as determined by MTS analysis. 

DlW Ce11 line G o '  S.E. C.V. Resistance 

(PM) (PM) (%) factorb 

Non-cleavable cornplex-forming topoisomerase II inhibitors 

dexrazoxane K562 20.3 1.9 9.5 - 
K562/DZ 1 2568.0 173.8 6.8 126.4 

ICRF- 1 93 K562 0.54 0.05 9.68 - 
K562/DZ 1 >50* NIA N/A >93 * 

ICRF- 1 54 K562 33.52 3.93 11.71 - 
KS62DZ1 >150* NIA N/A >4.5* 

Cleavable cornplex-forming topoisomerase II poisons 

etoposide K562 0.7 1 O. 12 17.0 1 - 
K562DZ 1 2.8 1 0.35 12.53 4.0 

doxorubicin K562 0.073 0.0 13 17.98 - 
K562/DZ 1 0.171 0,020 1 1.46 2.4 

" Cytotoxicity was measured by MTS analysis with a 72 hr exposure to the cytotoxic 
agent. The ICso is the concentration of the agent at which ce11 growth is 50% of the 
maximum obsented inhibition. hdividual median inhibitory concentrations + S.E. of the 
various agents were obtained by fitting absorbance data to a four-parameter logistic 
equation. 

The resistance factor was calculated from the ratio of the ICso for K562DZ1 to the ICso 
of K562 cells, determined previously (Fig. 3.8). 

ADR-925, the hydrolyzed form of dexrazoxane was the only known non-topoisornerase 
II inhibitory agent investigated. 

*These values are lower limits only fiorn the highest concentration of dmg that could be 
tested due to solubility constraints. 



4.6 Testing for P-glycoprotein content in K562IDZ1 ceiïs by mersuring 
dexrazoxane resYtPnce In the presence of verapamü 

P-glycoprotein (Pgp) has been revealed as an important causal molecule by which 

cancer cells can overcome effective chemotherapy to a wide range of stnicturally unrelated 

cytotoxic and anticancer agents. The apparent function of Pgp is that of an energy 

dependent efflux transporter pump which confers multidnig resistance (MDR) by 

maintaining reduced sublethal intracellular dmg concentrations. in many tissues of the 

body such as in the kidney, liver, colon, and adrenal cortex [20] Pgp plays a normal 

physiological role of protecting cells against chernical insult 1101 and clearing the body of 

endogenous or exogenous molecules including natwal or environmental toxins, 

carcinogens, steroids, or other hormones [2 11. The over-expression of Pgp in many types 

of clinical tumors has been seen not only as a prognostic indicator of the MDR phenotype, 

but also as an indicator of poor chemotherapeutic success, higher relapse rates, and shorter 

durations of remission [ 10,221. For the most part Pgp expression appears to be the highest 

in non-dividing, di fferentiated cells, and 10 west in rapidl y dividing, less-di fferenttiated 

cells [23]. The expression of Pgp may be either constitutive in untreated tumors which are 

inherently unresponsive towards chemotherapy, or it may be aquired, in tumors that 

initially show some response to chemotherapy but then later develop MDR and relapse 

[ 1,2O,B]. 

Chemosensitizers, also refmed to as modulators are agents that inhibit the fhct ion 

of Pgp thus increasing the sensitivity of MDR -or cells to cytotoxic anticancer dmgs 

that would othemise be ineffective (41. The majority of these agents are apparently 



substrates for the Pgp multidnig transporter which act as efflux blockers by competing 

with anticancer dmgs for receptor binding and/or transport [IO]. Other agents induce 

chernosensitization through alternative modes such as disturbing the membrane or 

inhi bi ting energy metabolisrn [2 1 1. One such first generation chemosensitizer known as 

verapamil has been used to a limited extent to partially circumvent dnig resistance in 

patients whose tumors over-express Pgp [24,25]. Verapamil is a calcium channel blocking 

agent able to block the efflux of toxins by Pgp. Although verapamil exhibits dose-limiting 

side ef5ects and inadequate bioavailabiIity [2,21] it has shown some value in research for 

identifjmg Pgp over-expression. In Pgp-positive tumor cells isolated fiom patients with 

end-stage rnyeloma, veraparnil has been shown to increase the intracellular accumulation 

of doxorubicin and vincristine in vitro [25]. 

in the following section it was necessary to determine whether the K562/DZ1 ce11 

line acquired its cross-resistance through the over-expression and activity of Pgp. In order 

to make such an assessrnent dexrazoxane cytotoxicity analyses were conducted in the 

presence of 0, 3, and 10 p M  of verapamil. Thus, if K562/DZ1 cells contained elevated 

levels of Pgp then upon treatment with verapamil these cells would regain their sensitivity 

to dexrazoxane, as nonnally exhibited in the parent K562 ce11 line. 



4.6.2.1 MTS anaiysis of derrazosane cytotoxicity towards K562 and K562/DZ1 
celis in the presence of verapamil 

4.6.2.1.1 Seeding of microtitre plates 

Exponentially growing cultures of K562 and K562/DZl cells were diluted to 

appropriate starting ce11 densities so as to seed 96-well microtitre plates at 1800 and 2300 

cells/well, respectively. Based on an 18 hr and 21 hr doubfing time of K562 and 

K562/DZ1 cells respectively, ce11 densities would reach an optimal 32,000 cells/well in 

control colurnns after 72 hr of growth. Cells were delivered into microtitre wells at 

30 pUwell in replicate (x6) between columns 2-12 and rows B-G using a multichannel 

pi pettor. 

4.6.2.1.2 Deliver y of dmg to microtitre plates 

AAer the appropriate quantity of verapamil was weighed and solubilized in 

DMEMmCS, stock solutions of 9 pM and 30 FM were prepared and added to microtitre 

plates at 30 pUwell immediately afîer seeding. Dexrazoxane, which was also solubilized 

in DMEM/FCS as described in Section 4.2.2 was delivered after verapamil at 30 pUwell 

producing a final volume of 90 pUwell. into al1 outer wells was placed 100 pL of PBS for 

spectrophotometer blanking, and each plate was subsequently wrapped with Saran wrap 

(Dow Brands Canada Inc., Paris, ON) before placing in the incubator at 37OC with 5% 

(vlv) COz. 



After 72 hr of growth the MTS one solution reagent (Promega Corp., Madison, WI, 

U.S.A.) was thawed for 15 min in a 37OC water bath, and aseptically placed into a sterile 

boat. into the appropriate wells of each microtitre plate was added 10 pL of MTS reagent 

to a final volume of 100 pUwe11. Plates were then incubated for 3 hr at 37°C with 5% 

(v/v) CO2 afkr which time a Thermornax 96-well plate reader (Molecular Devica, Menlo 

Park, CA, U.S.A.) was used to measure absorbantes at 490-650 nm in al1 wells. Dose- 

response curves were subsequently constmcted, and median inhibitory concentrations 

(ICSo) were determineà as before, upon non-linear least squares fitting to a four-parameter 

logistic equation, Absdt~o~6~0 = (a - d )  / ( l + (x / c ) ~  ) + d explicitly described in Section 

3.2.2.4.4. 

4.6.3 Results 

The cytotoxicity of dexrazoxane towards both K562 and KS62/DZ1 cells grown in 

the presence of 0, 3, or 10 pM of verapamil are cornpareci in Fig. 4.7% b, and c 

respectively. The unaltered nature of these cytotoxicity profiles suggests at first that 

verapamil was not able to sensitize K562fDZI cells to dexrazoxane. This was m e r  

confixmed upon the detennination of the median inhibitory concen~rations (ICso) of 

dexrazoxane in the presence of O, 3, and 10 Fm verapamil (Table 4.5). Despite the 

concentration of verapamil used, there appeared to be no signifiant effect on the ICso 

values for either ce11 line. Although an ICSo value slightly lower than normal was 

detennined for K562 cells in the presence of 3 FM verapamil, this was seen as not being an 



attributable effect of verapamil given its reasonable proximity to the other ICso vlaues and 

that 10 p.M verapamil did not induce a similar effect. Overall, these results suggest that the 

K562/DZ1 ce11 line does not aquire its resistance through an over-expression of P- 

gl ycoprotein. 

Table 4.5. Cytotoxicity of dexrazoxane towards KS62 and K562IDZ1 ceils in the 
presence of verapadl as mcasured by MTS analysis. 

-- - 

maparn i l ]  Ce11 line Ic5/ S.E. C.V. Resistance 

" Cytotoxicity was measured by MTS analysis with a 72 hr exposure to dexrazoxane. The 
1Cso value is the concentration of dexrazoxane at which ce11 growth is 50% of the 
maximum observai inhibition. These values were obtained by fitting absorbance 
measurements to a four-parameter logistic equation. 

The resistance factor was calculated from the ratio of the ICso for K562/DZl to the ICso 
of K562 cells at each concentration of verapamil anal yzed. 



[dexrazoxane], pM 

[dexrazoxane] , pM 

Fig. 4.7. MTS analysis of dexrazoxane-mediated growth inhibition towards W62 
and K562/DZ1 cells in the presence of verapamü. K562 (O) and KS62/DZl (O) cells 
were treated with (a) O PM, (b) 3 PM, or (c) 10 PM of verapamil and then incubated for 
72 hr in the presence of dexrazoxane. Absorbances at 490/650 nm were determined afier 
a 3 hr incubation with MTS ragent. The curves represent the results of least squares 
non-linear regression fits of measured values to a four-parameter logistic equation. The 
error bars represent standard deviations. The lowest concentrations are the zero values, 
piotted for convenience on a logarithrnic scale with arbitrary values. 



4.7 Examination of erythroid-like differentiation and apoptosis in K562/DZ1 
ceUs upon exposure to dexrazoxane 

in Chapter 3 it was shown that the bisdioxopiperazines dexrazoxane, ICRF- 154 and 

ICRF-193 were al1 able to induce differentiation of K562 cells towards an m o i d  

lineage and cause delayed apoptosis. These results were inferrd to be a consequence of 

the catalytic inhibition of topoisomerase II. Although the exact mechanism of drug 

resistance exhibited by K562/DZ1 cells is not yet known, it was important, as described in 

the following section to examine whether these cells were able to undergo the process of 

differentiation or apoptosis in the presence of dexrazoxane. A negative result towards the 

induction of either of these processes would suggest that topoisomerase II is not readily 

capable of being inhibited in K562/DZ1 cells. This result would thus lead to the 

speculation that a mutation in topoisomerase II or an alteration in its activity may be 

responsible for the enhanced cross-resistance observed in these cells. 

4.7.2 Methods 

4.7.2.1 Assessrnent of growth characteristics and hemogïobin production in 
K562lDZl ceUs exposed to dexrazoxane 

Exponentially growing K562 and K562/DZ1 cells were diluted with DMEMFCS 

to starting ce11 densities of 8x16  cells/ml and 2.1~10' cells/mL, repsectively in T-75 

flasks. This was followed by the administration of a requiste concentration of dexrazoxane 

at <IO% (v/v), prepared as described in Section 4.2.2 such that the final concentration in 



culture was 100 pM. Cells were aseptically removed daily, centrifbged at 250 g for 12 

min, and resuspended in -80% (v/v) fiesh DMEMFCS to total volumes that allowed for 

the attainment of  ce11 densities approximately equivalent to that of before centrifugation. 

This was followed by a subsequent exposure to 100 pM of dexrazoxane, administered in 

the same fashion as before. Cell densities were determined at indicated times fiom 

removed sarnple aliquots on a mode1 Zf Coulter counter using a threshold setting of 7 (100 

prn aperture tube, I/amp. = 2, l/ap.current = 8, diameter cutoff z 8.7 pm), as explained in 

Appendix A.2. The growth rate and doubling tirne of K562/DZ1 cells were determined 

upon the normalization of ce11 counts (Section 4.2.5.3) using the single exponential rise 

equation, C, = Co e a as previously desmbed (Section 4.2.5.4). Viability and the relative 

percentage of benzidine-positive cells staining for hemoglobin expression were assessed as  

previously described (Section 4.2.5.1 and 4.2.5.2). 

4.7.2.2 DNA fragmentation analysis of dexrazoxane-treated K562/DZ1 ceiis 

Concurrent with the analysis of growth characteristics of K562/DZ l cells exposed 

daily to dexrazoxane, agarose gel electrophoresis was used in an attempt to identify the 

presence of apoptotic K562/DZL cells by allowing for visualization of endonuclease- 

mediated cleaved DNA. Genomic DNA was isoiated from KS62/DZ1 cells at 0, 48, and 

96 hr of dexrazoxane exposure and analyzed by agarose gel electrophoresis as explicitly 

described in Section 3.5.2.4. In bnef, at specified intervals approxirnately 6x 106 cells were 

collected, washed twice with PBS, then lyzed in 400 pL of lysis buffer (10 rnM EDTA, 50 

mM Tris-base, pH 8, 0.5% (w/v) sodium lauryl sarcosine, 0.5 mg/mL proteinase K) for 

1 hr at SO°C, and then treated with 200 pL of DNase-fkee RNase A (0.5 mg/mL) for an 



additional 1 hr at 50°C. Next, genomic DNA was extracted with phenoVchlorofomi/ 

isoarnyl alcohol (25/24/1), and precipitated with 3 M sodium acetate (pH 5.2) and 

2 volumes of ice-cold 100% ethanol before loading. Loading buffer (0.1 M Na2EDTA, 

0.25% (w/v) bromophenol blue, 40% (wlv) sucrose, pH 8.0) and DNA samples (4 pg) 

were loaded ont0 a presolidified, 2% (w/v) agarose gel containing 0.2 pg/mL ethidium 

bromide. Agarose gels were nin at 50 V for 2 hr in TBE buffer (0.1 M Tns-base, 0.1 M 

boric acid, 2 mM Na2EDTA), then visualized under UV tram-illumination, and 

photographed wîth a Polaroid direct screen instant camera DS34, with IS03000 type 667 

Polaroid film (1/8 s exposure, 5.6 f-stop, 30 s development time). 



Consistent with their inherent stable resistance, K562DZ1 cells exposed to 

dexrazoxane continued to proliferate at an exponential rate of 3.7~ 1 od2 hr" with a doubling 

time of 19 hr (Fig. 4.8a). This result compares highly with the 21 hr doubling Ume of 

unexposed conbol K562/DZ1 cells (Fig. 4.5) suggesting that dexrazoxane does not retard 

the growth of K56UDZl cells in the same manner as it does with parental K562 cells. 

Additionally, after 96 hr of dexrazoxane exposwe KS6î/DZ 1 cells were - 1 W h  viable as 

assessed by trypan blue dye exclusion analysis, and ce11 morhpology remaineci 

indistinguishable from control unexposed cells. 

Previously it was shown that prior to their cloning, the relative percentage of 

dexrazoxane-resistant K562RB cells expressing hemoglobin gradually diminished (Fig. 

4.1 b). At the time of their isolation into KS62DZ clones 1 - 10, KS62RB cells exhibite. a 

pre-cloning hemoglobin expression level of 4%, as assessed by benzidine staining (data 

not shown). It was therefore interesting to identify first what was the average level of 

hemoglobin expression in K562/DZI celIs, and second what would be the effect of 

dexrazoxane on this expression level. Three months afier cloning and growth in drug-fiee 

medium K562/DZ1 cells were shown to exhibit a level of benzidine-positivity of -1.1- 

1.4%. This result, which is twice the level expressed in parent KS62 cells (-0.3-OS%, 

Section 3.4.3.1) suggests ttiat although hemoglobin containing cells were not maintained as 

a representative proportion of the population after clonïng, control K562/DZ1 cells do in 

fact exhibit the appearance of a partially differentiated state. After 144 hr of daily 

exposure to dexrazoxane the percentage of benzidine-stained KS62/DZ 1 cells marginal1 y 

increased to -2.5% (Fig. 4.8b). However, this apparent increasing trend was subsequently 



deerned non-signi ficant, b y statistical linear regression and ysi S. Dexrazoxane-treated 

K562/DZ 1 cells appeared identical to control cells in tenns of size (- 14 pm diameter), and 

shape (circular). This result clearly differs fi-om that of parent K562 cells exposed to 

dexrazoxane for the same period of tirne. Dexrazoxane-treated K562 cells were not only 

s h o w  to exhibit a distinct morphology, and enlarged ce11 size (Section 3.4.3), but also 

significantly (p<0.001) increased in hemogiobin expression relative to the dwation of 

exposure (Fig. 3.16 and 4.8). Agarose gel electrophoresis of dexrazoxane-treated chromo- 

somal K562/DZ 1 DNA is displayed in Fig. 4.9. After 48 and 96 hr of dexrazoxane 

exposure, electrophoretic migration of DNA was identical to that of the control with no 

observable apperance of a ladder-like pattern of DNA fhgments, as previously seen in 

parent K562 cells (Fig. 3.24). Although this technique alone does not give conclusive 

proof of apoptosis, it is reasonable to assume, based also in part on the lack of a decline in 

viability, that apoptosis was not inducd in K562/DZ 1 cells upon dexrazoxane exposure. 
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Fig. 4.8. EHects of deuazoxane on the growth and production of hemoglobin in 
K562 and K562/DZ1 ceUs. K562 (a) and K562/DZl (O) cells were seeded at 8x10~ 
and 2.1~10' cells/mL, respectively and treated daily with 100 pM dexrazoxane with 
media replacement. At indicated tirnes, samples were removed and (a) ce11 densities 
were determined using a Coulter counter (threshold 7, 100 p m  aperture, diameter cutoff z 
8.7 pm) followed by nomalization; and (b) hemoglobin expression was measured by 
benzidine staining. Over a period of 96 hr of dexrazoxane exposure, viability was not 
compromised in K562/DZ1 cells and was maintained at a level of -100% (data not 
shown). K562/DZ 1 doubling time in the presence of dexrazoxane was found to be 19 hr. 
A hi@ y signi ficant relationship (pc0.00 1 ) between hernoglobin production and 
dexrazoxane exposure was identified only in K562 cells by statistical linear regression 
anal ysis. Ail K562 data presented here is re-plotted fiom fiom Fig. 3.1 3. 



Fig. 4.9. Agarose gel electrophoresis of DNA extracted from K562/DZ1 ceUs exposed 
to dexrazoxane. K562/DZl cells were seeded at 21x10~ cells/ml and treated daily with 
100 p M  dewazoxane with media replacement. At indicated times of dexrazoxane 
exposure (O hr: lane 2,48 hr: lune 3, 96 hr: lune 4)  DNA was extracted fiom removed ce11 
samples as described in Section 3.5.2.4 and analyzed on a 2% (wh) agarose gel containing 
0.2 pg/mL ethidium bromide, run at 50 V for 2 hr. The lowest bands on the Lambda BstE 
II digest molecular weight marker lane (lane I )  represent D N A  with a molecular weight 
equivalent o f  2323, 1929, 137 1,  1264, and 702 base pairs, respectively. 



4.8 Discussion 

In the present study a human erythroleukemic K562 ce11 line was selected for 

resi stance b y continuous dai 1 y ex p u r e  to a relative1 y high concentration of dexrazoxane. 

Cells were exposed to dexrazoxane for the total dwation of two months with a two week 

intermittent period of ce11 recovery after the first two weeks of treatment. As reviewed 

earlier in Section 3.6, K562 cells are predisposed to a greater sunival capacity in the 

presence of cytotoxic drugs than other leukernic ceil lines due in part to the expression of 

the BCR-ABL tyrosine kinase [26,27]. The constitutive action of this enzyme is to 

transduce signals downsttream to maintain relatively high levels of the presumed channel 

protein bcl-XL thereby suppressing the transport of apoptotic related signals 127-291. The 

refractorinas of K562 cells towards hg-induced ce11 cycle amest was sufficiently 

overcome by utlizing a r e m e n  of continuous exposure to a concentration of dexrazoxane 

5-fold greater than the median growth inhibitory concentration of 20.3 pM (Table 4.3). It 

is possible that by using such an intense dmgging protocol rather than gradually increasing 

the concentration of dexrazoxane, that resistant cells becarne a predominant representative 

proportion of the cell population after only a short period of tirne. 

Upon the establishment of a dexrazoxane-resistant K562 ce11 population ten 

sublines were subsequentl y cloned and named K562/DZ 1 - 1 O. Although three distinct 

groups of K562/DZ clones were classified based on their respective doubling times (Table 

4.2), al1 clones exhibited the sarne degee of resistance towards dexrazoxane within 

experimental error (Table 4.3). Overall, these K562/DZ clones were shown to be -84- 1 1 0- 

fold resistant to dexrazoxane, as compareci to parental K562 cells. Despite the fact that 

only the K562/DZ1 ceII line was chosen for use in al1 future experiments it is interesthg to 



speculate whether a difference t d y  exists between al1 of the dexrazoxane-resistant clones 

isolated. If different and possibly concurrent biochemical mechanisms of dnig resistance 

exist in these cells would this result in such similar degrees of resistance towards 

dexrazoxane? In particular, as discussed below in M e r  detail, resistance may have 

developed as a result of the expression of an dtered, possibly mutated form of 

topoisomerase II. It rernains to be seen whether al1 of these KS621DZ clones possess the 

same or different functional mutations which confer an qua1 degree of resistance. The 

existence of different mutations in topoisomerase Ii would provide some explanation of the 

various doubling times observed. Ce11 cycling may have been seen to prolong to various 

degrees by topoisomerase II enzymes with different fÙnctionaI abilities. The essential 

roles of topoisomerase II during mitosis in the segregation and condensation of 

chromosomes are of particular concern with respect to such possible differences. 

Furthemore, the establishment of several dexrazoxane-resistant ce11 lines with different 

fûnctional mutations may prove extremely useful in further characterizing the biochernical 

and molecular interactions between the bisdioxopiperazines and topoisomerase II. 

The cloned K562/DZ1 ce11 line chosen for al1 fiiture studies exhibited one of the 

fastest doubling times and highest levels of dexrazoxane-resistançe of d l  K562/DZ clones 

(Table 4.2 and 4.3). After a two month period of growth in dnig-fiee media, K562/DZ1 

cells exhibited a doubling time of 21 hr (Fig. 4.9, which was relatively close to the 

original assessrnent of 23 hr (Table 4.2) and to that of parental K562 cells, - 19 hr (Table 

3.4). The cloned K562/DZ1 ce11 line was initially, LOS-fold resistant to dexrazoxane 

exhibiting an ICSo value of 2 125 f 250 FM as compared to parental K562 cells, 20.3 f 1.9 

p M  (Table 4.3). AAer two and three months of growth in h g - f k e  media W62/DZI cells 



were re-detennined to be 1 26-fold and 1 3 8-fold resistant to dexrazoxane, respective1 y 

(Table 4.4 and 4.5). Given the range of standard error in these subsequent determinations 

of dexrazoxane ICso, 2568 + 174 p M  and 2804 f 244 p M  respectively dexrazoxane- 

resistance appeared to remain competently stable. Although it is common practice to 

return to the original stock ce11 population fiom cryogenic storage every 2-3 months, it 

remains to be seen whether the K562/DZ1 ce11 line retains its resistance towards 

dexrazoxane for a much longer period of time when grown in dmg-fiee media. 

The K562/DZ1 ce11 line was also shown to display a high degree of cross-resistance 

towards other structurally similar bisdioxopiperazine analogs (Fig. 4.6 and Table 4.4). In 

particular, K562/DZi cells were immeasurably greater than 93-fold and 4.5-fold resistant 

to ICRF- 1 93 and ICRF- 1 54, respectively (Table 4.4). Furthexmore, K562/DZ 1 cells were 

moderately cross-resistant towards the cleavable mmplex-foming topoisomerase II 

inhibitors etoposide and doxombicin [19], exhibiting resistance factors of 4-fold and 2.4- 

fold, respectively (Table 4.4). Although firture studies may or may not identify the 

presence of point mutations in the genes encoding the topoisomerase II isofonns, it is 

reasonable to speculate that the higher level of resistance exhibited towards the 

bisdioxopiperazines could be due to a site-specific point mutation which alters the 

conformation of topoisomerase II. As a result, it may be possible that cleavable complex- 

forming inhibitors are only partially hindered in theu ability to stably interact with 

K562/DZf topoisomerase II, thus leaàing to a more moderate degree of resistance when 

compared to parental K562 cells. 

Acquired resistance to various topoisomerase II inhibitors is ofien correlated with a 

reduced expression of topoisomerase II protein levels [30-321, a change in the 



phosphorylation status of topoisomerase II [33-351, altereâ localization of topoisomerase II 

1361, a decrease in dmg accumulation through the expression of the MDR phenotype [1,37- 

391, and/or mutation(s) resulting in a change in the biochemical activities of  topoisomerase 

11 [30,39,40]. A dexrazoxane-resistant (1500-fold) CHO ce11 line (DZR) previously 

established in our laborator- [18], was later shown to be truly 500-fold resistant to 

dexrazoxane (Table 2.1) [4 1 1. In contrast to K562/DZ 1 cells, cross-resistance towards 

ICRF-193, a stronger catalytic topoisomerase II inhibitor [15,42] was much less in DZR 

cells thus suggesting two possible differing mechanisms of resistance, or different titers of 

the topoisomerase II enzyme present. Although DZR cells possessed reduced levels of 

topoisomerase II as compared to parental CHO celIs [18], acquired drug resistance was 

subsequently attributed to a Thr48Ile point mutation in topoisomerase II and decreased 

drug-induced DNA-enzyme complexes [43]. At this tirne the exact mechanism of drug 

resistance present in K562/DZ1 cells has not been elucidated although some efforts have 

been made to con-, or rule out the above mentioned mechanisms of acquired drug 

resistance. The possibility that K562/DZl cells express the MDR phenotype has al1 but 

been elirninated. Verapamil was shown to have no significant effect on dexrazoxane- 

mediated cytotoxicity in either K562/DZ1 cells or parental K562 cells (Fig. 4.7 and Table 

4.5). Although this result suggests that K562/DZ1 cells did not acquire dexrazoxane 

resistance through the over-expression of P-glycoprotein the possibility of cross-resistance 

towards other classic MDR-related cytotoxic agents necessitates fiirther exploration. 

Moreover, K562/DZ1 cells may be mediated by other atypical mechanisms of MDR. 

Currently, the expression of other dmg transport protein purnps such as the MDR- 

associated protein (MRP) [12,37] and lung resistance protein (LW) [44] are ernerging as 



clinicall y relevant mechanisms of MDR [ 1 O]. These efflux transporter pumps mediate 

resistance against a broad spectnim of drugs, similar but not identical to those of P- 

glycoprotein [12,34,45] and have been found to be over-expressed in normal and t w r  

tissue cells concurrent with or in the absence of P-gl ycoprotein expression [ 1 2,443. 

Assuming that the same amount of drug reaches the topoisomerase II target, cells 

with higher expression levels of topoisomerase II are typically more drug-sensitive [ l2,46- 

481. Although this may be true of a number of different drug-resistant ce11 lines, decreased 

topoisomerase II levels has been observed to lead to an increased hg-sensitivity, at least 

with respect to the bisdioxopiperazines [48]. in particular, an etoposide-resistant K562 ce11 

line ( W . 5 )  with reduced topoisomerase II expression levels has been shown to be more 

sensitive to dexrazoxane than parental K562 cells [46]. Through collaboration with Dr. 

J.C. Yalowich (Dept. Phannacology, University of Pittsburgh School of Medicine and 

Cancer tnstitute), K562/DZ1 cells and a sunilariy established dexrazoxane-resistant 

K562/11 ce11 line have recently been fiuther characterized. Although K562A1 cells were 

established by exposure to 1000 p M  dexrazoxane, as opposed to 100 FM in the case of 

K562/DZl cells these cells were only 30-fold resistant to dexrazoxane [49]. Recent 

findings have revealed that both K562/DZ1 and KS62A1 ce11 lines exhibit topoisomerase II 

a and B levels unchanged fbm that of parental K562 cells [49]. This result therefore 

suggests that either dexrazoxane-resistant K562 ce11 line did not acquire resistance through 

the expression of altered topoisomerase II protein levels. 

To date, only a limited number of ce11 lines have been selected for resistance 

towards bisdioxopiperazine analogs [50-521. Although there exist inherent differences 

between these ce11 lines they al1 similarly exhibit a hi& level of cross-resistance towards 



other bisdioxopiperazines and moderate levels of cross-resistance to wards cleavable 

cornplex-forming topoisornerase II inhibitors. Exhibiting similar attributes to ow 

previousl y established DZR cells [ 1 81, a CHOaerived ICRF- 1 59 resistant (300-fold) ce11 

line (CH0/159-1) has also been described as possessing 50% reduced topoisomerase IIa  

content [18]. A human small lung cancer NYH ce11 line selected for resistance towards 

dexrazoxane (5.5-fold) were on the 0th- hand slightly hypersensitive to the topoisornerase 

II poisons doxorubicin and etoposide due in part to a 25% increase in topoisomerase LIa 

level [5 1 1. 

Mutations aquired in cells exposed to the bisdioxopiperazines have not yet been 

extensive1 y described. Upon inhibition, topoisomerase il may mediate mutagenicity 

through illegitimate rewmbination of non-specific and non-homologous DNA sequences. 

This may consequently generate deletions, insertions, duplications, substitutions, andlor 

inversions in the normal genetic structure of cells [53]. Some ce11 lines selected for 

resistance towards the bisdioxopiperazines have been shown to possess functional 

mutations in the proximal MI2-terminal clamp part of topoisomerase II 143,501 as well as 

in the Walker A consensus ATP binding region [5 1 1. In particular, aside fiom the Th48 Ile 

point mutation previousiy identifiai in DZR cells [43], CH0/159-i cells have been 

described as possessing a Tyr49Phe point mutation and a sequence deletion in highly 

conserved regions of topoisomerase 11 [SOI. Although such mutations maintain nomal 

topoisomerase II tùnctions in the presence of bisdioxopiperazines, resistance may directly 

be the result of a sustained open-clamp topoisomerase II state due to decreased ATP 

binding [S 11, and/or destabilized monomer-monorner interaction during the closed clamp 

formation [50,54,55]. Finally, these mutations may be specific to bisdioxopiperazine 



resistance [SOI in that they lie distal to the Walker Wdinucleotide binding domain or  the 

catalytic active site Tyr804 residue where other ce11 lines, selected for resistance towards 

topoisomerase II poisons mmmonly possess mutations [56,57]. 

The catalytic inhibitors of topoisomerase II known as the bisdioxopiperazinees 

(dexrazoxane, ICRF-193, and ICRF-154) as well as etoposide, a topoisomerase II poison 

have al1 been previousl y dernonstrated to induce erythroid-like di fferentiation and delayed 

apoptosis in K562 cells (Chapter 3). AAer 96 hr of dexrazoxane treatrnent, agarose gel 

electrophoresis of isolated genomic K562/DZ1 DNA revealed an absence of any laddering 

pattern representative of endonuclease-mediated DNA fragmentation. These results 

suggested thot K562/DZl cells were extremely resistant to the induction of apoptosis. In 

contrast though, a dexrazoxane-resistant CEM ce11 line which possesses increased 

expression levels of topoisomerase IIa has been shown to exhibit dtered apoptotic 

responses to dexrazoxane, prominent 48-72 hr later than parental K562 cells 1581. 

Furthemore, it would be interesting to study in K562/DZ1 cells the effect of various 

topoisornerase II inhibitors on the expression of such apoptotic-related genes as ber-abl, 

bcZ-X, and c-myb. Laroche-Clary et al. 1591 has shown by quantifjhg the expression of 

arnplified apoptotic genes that the topoisomerase II poison amsacrine is able to induce 

apoptosis in an MDR-K562 variant, selected with doxombicin but not in wild-type K562 

cells. Although studies are currently underway world-wide to M e r  understand the 

interactions between different topoisomerase II inhibitors and this target enzyme, the 

question may still remain: how is the mechanism/degree of resistance, or topoisomerase II 

inhibition related to the d l - l ine  specific induced expression of apoptotic andor 

differentiation related genes? 





References 

Ma, D.F.D. and Bell, D.R. Multidrug resistance and p-glycoprotein in hurnan cancer- 
Aust NZ J Med., 19: 736-743, 1989. 

Arceci, R. Clinical significance of p-glycoprotein in multidrug resistance 
malignancies. Blood, 81 : 22 1 5-2222, 1993. 

Goldie, J.H. and Coldman, A.J. Quantitative mode1 for multiple levels of drug 
resistance in clinical tumors. Cancer. Treat. Rep., 67: 923-93 1, 1983. 

Kartner, N. and Ling, V. Multidrug resistance in cancer. Sci. Am., 260: 44-5 1, 1 989. 

Hayes, J.D. and Wolf, C.R. Molecular mechanisms of d m g  resistance. J.  Biochem., 
272: 28 1-295, 1990. 

Hall, A., Cattan, A.R., and Proctor, S.J. Mechanisms of cimg resistance in acute 
leukaexnia. Leuk Res., 13: 35 1-356, 1989. 

Borst, P. Genetic mechanisms of dmg resistance. Reviews in Oncology, 4: 87-95, 
1991. 

Ling, V. Multidrug resistance and p-glycoprotein expression. In: P.V. Wooley and 
K.D. Tew (eds.), Mechanisms of Dmg Resistance in Neoplastic Cells., pp. 197-209, 
San Diego, CA: Academic Press. 1988. 

Gerlach, J.H., Kartner, N., Bell, D-R., and Ling, V. Cancer Suweys, 5: 26-4 1, 1986. 

Trambas, C.M., Muller, H.K., and Woods, G.M. P-glycoprotein mediated multidrug 
resistance and its implications for pathology. Pathologv, 29: 122- 1 30, 1997. 

Riordan, J.R. and Ling, V. Genetic and biochernical characterization of multidrug 
resistance. Pharmacol. Ther., 28: 5 1-75, 1985. 

Loe, D.W., Deeley, R.G., and Cole, S.P.C. Biology of the multidrug resistance- 
associateci protein, MRP. Eur. J.  Cancer, 32A: 945-957, 1996. 

Gianni, L. Anthracycline resistance: the problern and its cwen t  definition. Semin. 
Oncol., 24: S10-11-S10-17, 1997. 

Gopalakrishnan, T.V. and Anderson, W.F. Mouse erythroleukemia cells. Methods 
Enqmol., 58:SO&ll: 506-5 1 1, 1979. 

Hasinoff, B.B., Kuschak, T.I., Yalowich, J.C., and Creighton, A.M. A QSAR study 
comparing the cytotoxicity and DNA topoisornerase II inhibitory effects of 
bisdioxopiperazine analogs of ICRF-187 (dexrazoxane). Biochem. Pham., 50: 953- 
958, 1995. 



Hasinoff, B .B. Pharmacodynarnics of the hydrol ysis-activation of the 
cardioprotective agent (+)- l,2-bis(3,S-dioxopiperatuiyl- 1 -yl)propane. J.  Pham. Sci., 
83: 64-67, 1994. 

Tanabe, K., Ikebuchi, K., Ishida, R., and Andoh, T. inhibition of topoiosmerase II by 
antitumour agents bis(2,6-dioxopiperazine) derivatives. Cancer Res., 51: 4903-4908, 
1991. 

Hasinoff, B.B., Kuschak, T.I., Creighton, A.M., Fattman, C.L., Allan, W.P., 
Thampatty, P., and Yalowich, J.C. Characterization of a Chinese hamster ovary ce11 
line with acquired resistance to the bisdioxopiperazine dexrazoxane (ICRF- 1 87) 
catalytic inhibitor of topoisomerase II. Biochem. Pham., 53: 1 843- 1 853, 1997. 

Corbett, A.H. and Osheroff, N. When good enzymes go bad: conversion of 
topoisomerase II to a cellular toxin by antineoplastic dmgs. Chern. Rex Toxicol., 6: 
585-597, 1993. 

Juranka, P.F., Zastawn y, R. L., and Ling, V. P-gl ycoprotein: multidrug-resistance and 
a superfamily of membrane-associated transport proteins. FASEB, 3: 258392591, 
1989. 

Hegewisch-Becker, S. MDRl reversal: criteria for clinical trials designed to 
overcome the multidrug resistance phenotype. teukemia, 10: S3 2-S 3 8 1 996. 

Roninson, LB. The role of the mdrl (p-glycoprotein) gene in multidrug resistance in 
vitro and in vivo. Biochem. Pham., 43: 95- 1 02, 1992. 

Bradley, G. and Ling, V. P-glywprotein, multidrug resistance and turnor progression. 
Cancer and Metastasis Reviavs, 13: 223-233, 1 994. 

Salmon, S.E., Dalton, W.S., Grogan, T.M., Plezia, P., Lehnert, M., Roe, D.J., and 
Miller, T.P. Multidrug-resistant myeloma: laboratory and clinical effects of 
verapamil as a chemosensitizer. Blood, 78: 44-50, 199 1. 

Dalton, W.S., Grogan, T.M., Meltzer, P.S., Scheper, R.J., Durie, B.G., Taylor, C.W., 
and Miller, T.P. Dnig-resistance in multiple myeloma and non-Hodgkin's lymphoma: 
detection of P-glycoprotein and potential circumvention by addition of verapamil to 
chemotherapy. J.  Clin. Oncol., 7: 41 5-424, 1989. 

Evans, C.A., Owen-Lynch, P.J., Whetton, A.D., and Dive, C. Activation of the 
Abelson tyrosine kinase activity is associated with suppression of apoptosis in 
hemopoietic cells. Cancer Res., 53: 1735- 1738, 1993. 

McGahon, A., Bissonnette, R., Schmitt, M., Cotter, K.M., Green, D.R., and Cotter, 
T.G. BCR-ABL maintains resistance of chronic myelogenous leukemia cells to 
apoptotic ce11 death lpublished erratum appears in Blood 1994 Jun 15;83(12):3835]. 
Blood, 83: 1 179- 1 187, 1994. 



Cullen, W.C. and McDonald, T.P. Cornparison of stereologic techniques for the 
quantification of megakaryocpe size and number- Exp. Hematol., 14: 782-788, 
1986. 

McICenna, S.L. and Cotter, T.G. Functional aspects of apoptosis in hematopoiesis 
and consequemes of failure. Adv. Cancer Ra., 71:121-64: 12 1 - 164, 1997. 

Webb, CD., Latham, M.D., Lock, R.B., and Sullivan, D.M. Attenuated 
topoisomerase content direçtly correlates with a low level of dmg resistance in a 
Chinese hamster ovary ce11 line. Cancer Res., 51 : 6542-6549, 199 1. 

Osheroff, N., Corbett, A.H., and Robinson, M.J. Mechanism of action of 
topoisomerase II-targeted antineoplastic drugs. A& Phannacol., 29B: 105- 126, 
1994. 

Chen, G.L., Yang, L., Rowe, T.C., Halligan, B.D., Tewey, KM., and Liu, L.F. 
Nonintercalative antitumor dmgs interfere wi th the breakage-reunion reaction of 
mammalian DNA topoisornerase II. J .  Biol. Chem., 259: 1 3560- 1 3 566, 1984. 

Ritke, M.K., Roberts, D., Allan, W.P., Raymond, J., Bergoltz, V.V., and Yalowich, 
J.C. Altered stability of etoposide-induced topoisomerase II-DNA complexes in 
resistant human leukaemia K562 cells. Br. J.  Cancer, 69: 687-697, 1994. 

Ritke, M.K., Allan, W.P., Fattman, C. L., Gunduz, N.N., and Yalowich, J.C. Reduced 
phosphorylation of topoisornerase II in etoposide-resistant human leukemia K562 
cells. Am. Soc. Pham. m. Ther., 46: 58-66, 1994. 

Takano, H., Kohno, K., Ono, M., Uchida, Y., and Kuwano, M. Increased 
phosphoryiation of DNA topoisomerase II in etoposide-resistant mutants of human 
cancer KB cells. Cancer Res., 51 : 395 1-3957, 199 1. 

Feldhoff, P.W., Mirski, S.E.L., Cole, S.P.C., and Sullivan, D.M. Altered subcellular 
distribution of topoisomerase II-alpha in a drug-resistant hwnan small lung cancer 
ce11 line. Cancer Res., 54: 756-762, 1994. 

Lautier, D., Canitrot, Y., Deeley, R.G., and Cole, S.P.C. Multidrug resistance 
mediated by the multidrug resistance protein (MW) gene. Biochem. Pham., 52: 
967-977, 1996. 

Matsuo, K., Kohno, K., Takano, H., Sato, S., Kiue, A., and Kuwano, M. Reduction of 
drug accumulation and DNA topoisomerase II activity in acquired teniposide- 
resistant human cancer KB ce11 lines. Cancer R a ,  50: 58 19-5824, 1990. 

Kamath, N., Grabowski, D., Ford, J., Kemigan, D., Pommier, Y., and Ganapathi, R. 
Overexpression of P-gl ycoprotein and alterations in topoisomerase II in P3 88 mouse 
leukemia cells selected in vivo for resistance to rnitoxantrone. Biochem. Pham., 44: 
937-945, 1 992. 



Ritke, M.K. and Yalowich, J-C. Altered gene expression in human leukemia K562 
cells selected for resistance to etoposide. Biochem. Pham., 46: 2007-2020, 1993. 

Hasinoff, B.B., Creighton, A.M., Koziowska, H., Thampatty, P., Allan, W.P., and 
Yalowich, J.C. Mitindomide is a catalytic inhibitor of DNA topoisornerase II that 
acts at the bisdioxopiperazine binding site. Mol. Pharmaco l., 52: 839-845, 1 997. 

Ishida, R., Miki, T., Narita, T., Yui, R., Sato, M., Utsumi, KR., Tanabe, K., and 
Andoh, T. Inhibition of intracellular topoisomerase II by antitumor bis(2,6- 
dioxopiperazine) derivatives: mode of ce11 growth inhibition distinct fkom that of 
cleavable corn plex- forming type inhibitors. Cancer Res., 5 1 : 49O9-49 1 6, 1 99 1 . 

Yalowich, J.C., Thampatty, P., Allan, W.P., Chee, G.-L., and Hasinoff, B.B. 
Acquired resistance to ICRF-187 (dexrazoxane) in a CHO ce11 line is associated with 
a point mutation in DNA topoisornerase II-alpha (topo II) and decreased drug- 
induced DNA-enzyme complexes. Proc Am Assoc Cancer Res, 39: 375, 1998. 

f ishan,  A.K., Fitz, CM., and Andritsch, 1. Drug retention, efflux, and resistance in 
turnor cells. Cytomew, 29: 279-285, 1 997. 

Berger, W., Elbling, L., Hauptmann, E., and Micksche, M. Expression of the 
multidrug resistance-associated protein (MRP) and chanoresistance of human non- 
small-ce11 lung cancer cells. Int. J .  Cancer, 73: 84-93, 1997. 

Fattman, CL., Allan, W.P., Hasinoff, B.B., and Yalowich, J.C. Collateral sensitivity 
to the bisdioxopiperazine dexrazoxane (ICRF- 1 87) in etoposide (VP- 1 6)-resistant 
human leukemia KS62 cells. Biochem. Pharm., 52: 635-642, 1996. 

Davies, S.L., Bergh, J., Harris, A.L., and Hickson, I.D. Response to ICRF- 159 in ce11 
lines resistant to cleavable cornplex- forming topoisomerase II inhibitors. Br. J.  
Cancer, 75: 8 16-82 1, 1997. 

Ishida, R., Hamatake, M., Wasserman, R.A., Nitiss, J.L., and Wang, J-C. DNA 
topoisornerase II is the rnolecular target of bisdioxopiperazine derivatives ICRF- 159 
and ICRF- 193 in Saccharomyces cerevisiae. Cancer Ra., 55: 2299-2303, 1 995. 

Yalowich, J-C., Khelifa, T., Allan, W.P., Abram, M.E., and Hasinoff, B.B. 
Characterization of K562 ce11 lines selected for resistance to the DNA topoisomerase 
II inhibitor dexrazoxane (ICRF-187). Proc Am Assoc Cancer Res, 00: 00,2000. 

50. Sehested, M., Wessel, I., Jensen, L.H., Holrn, B., Oliveri, R.S., Kenwrick, S., 
Creighton, A.M., Nitiss, J.L., and Jensen, P.B. Chinese hamster ovary cells resistant to 
the topoisomerase II catal ytic inhibitor ICRF- 1 59: a Tyr49Phe mutation confers high- 
level resistance to bisdioxopiperazines. Cancer Res., 58: 1460- 1468, 1998. 



Wessel, I., Jensen, L.H., Jensen, P.B., Falck, J., Rose, A., Roerth, M., Nitiss, J.L., and 
Sehested, M. Human small ceIl lung cancer NYH cells selected for resistmce to the 
bisdioxopiperazine topoisomerase 11 catalytic inhibitor ICRF- 1 87 demonstrate a 
functional R162Q mutation in the waiker A consensus ATP bhding domain of the 
alpha isoform. Cancer Res., 59: 344203450, 1 999. 

White, K. and Creighton, A.M. Mechanistic studies with a ce11 line resistant to ICRF- 
159. Br. J.  Cancer, 34: 1976. 

Baguley, B.C. and Ferguson, L.R. Mutagenic properties of topoisornerase-targeted 
dmgs. Biochem. Biophys. Acta., 1400: 2 13-222, 1998. 

Roca, J. and Wang, J.C. DNA transport by a type II DNA topoisomerase: evidence in 
favor of a two-gate mechanism. Cell, 77: 609-6 16, 1994. 

Roca, J., Ishida, R., Berger, J.M., Andoh, T., and Wang, J-C. Antitumor 
bisdioxopiperazïnes inhibit yeast DNA topoisornerase II by trapping the enzyme in 
the form of a closed protein clamp. Proc. Natl, Acad. Sci. U.S.A., 91: 178 1 - 1785, 
1994. 

Chan, V.T., Ng, S.W., Eder, J.P., and Schnipper, L.E. Molecular cloning and 
identification of a point mutation in the topoisomerase II cDNA f?om an etoposide- 
resistant Chinese hamster ovary ce11 line. J. Biol. Chem., 268: 2 160-2 165, 1993. 

Hinds, M., Diesseroth, K., Mayes, J., Altschuler, E., Jansen, R., Ledley, F.D., and 
Zwelling, L.A. Identification of a point mutation in the topoisomerase II gene from a 
human leukemia ce11 line containhg an amsacrine-resistant form of topoisomerase II. 
Cancer Res., 51 : 4729-473 1, 199 1. 

Morgan, S.E., Cadena, R.S., and Beck, W.T. A dexrazoxane (ICRF- 1 87)-resistant 
CEM ceIl line expresses enhanced topoisornerase (topo) II [alpha] with altered G2/M 
checkpoint and apoptotic responses. f r o c  Am Assoc Cancer Res, 40: 4489, 1999. 

Laroche-Clary, A., Lame, A., Vekxis, A., and Robert, J. Effect of topoisomerase II 
inhibitors on the expression of the hybrid gene bcr-ab1 in doxorubicin-sensitive and 
resistant K562 cells in relation to the induction of apoptosis. Proc Am Assoc Cancer 
Ra ,  40: 4490,1999. 

Yalowich, J-C., Gorbunov, N.V., Kozlov, A.V., Allan, W.P., and Kagan, V.E. 
Mechanisms of nitric oxide protection against tert-butyl hydroperoxide-induced 
cytotoxicity in iNOS-transduced human erytbroleukemia cells. Biochemishy, 38: 
10691-10698, 1999. 



APPENDIX A: 

Calibration, ceU counting, and sizing using a mode1 Coulter counter 

A.1 Background information 

A.1.1 The Coulter Principle 

Electrical sizing, by use of a Coulter counter is a method of flow cytometry. Cells 

suspended in an electrolyte solution can be counted at a rate of a few thousand cells per 

second. nie main advantages over conventional ce11 counting methods, such as analysis 

under a hemacytometer include its ease of use, as well as its high speed and the accuracy of 

its measwements [ 1 1. The Coulter principle, originally introduced by W.H. Coulter (1 953) 

dictated that each ce11 that passes through the sizing transducer of the Coulter çounter 

generates an electrical pulse, which contains in its quantity (magnitude) uiformation about 

the volume (size) of the ce11 [2]. Displayed in Fig. A.1 is an illustration of a typical 

Coulter counter. Essentially it consists of a n m w  glas  tube with an intenor grounded 

electrode and exterior active electrode, al1 submerged in a diluted solution of cells made 

fiom an electrically conducting fluid (an electrolyte such as Isoton II). At the bottom of 

the glass tube is a small orifice or aperture through which cells flow by suction fiom the 

electrolyte suspension into the g las  tube. The volume of the electrolyte suspension that 

enters the orifice and passes between the electrodes is constant, creating an electric current. 

Each ce11 passing through the orifice causes a change in the electric resistance of this 

current fiom that of the electrolyte alone. Each resistance change is transfomied by the 

current into a pulse-shaped elecûical signal, whereby the height of this pulse is 

representative of the volume of that particular cell. For every pulse generated by a ce11 



by a ce11 passing through the orifice a numerical readout is displayed. AAer the set volume 

of electrolyte suspended cells passes through the orifice the counting stops revealing a 

nurnber representative of the number of cells in that set volume. By accounting for the 

various dilutions made and this set volume, then either the concentration or total number of 

cells in the original stock solution can be estimated with high statistical relevance [205]. 

The glass tube of the Coulter counter may be replaced with another one possessing 

a different aperture or orifice diameter size. Typically the diameter of the orifice can range 

between 20-200 Fm. The choice of a particular orifice diameter depends on the nature of 

the experiment and the size of the cells or particles being counted. Smaller particles are 

more difficult to accurately count with a large orifice, just as large particles are hard to 

count with a small orifice. Upon replacement of an aperture of differing orifice size, the 

instrument must then be calibrated with standard sized polystyrene latex bead (see Section 

A.3). 

Fig. A.1. A basic illustration of  a Coulter flow principle. (1) Current source; (2) 
amplifier; (3) grounded electrode; (4) active electrode; (5) highly diluted ce11 suspension; 
(6) tube where suction is applied. "Detail A" shows the orifice itself with random particle 
paths. 



A.2 General operrrting procedure 

A.2.1 System controls 

(vii) 

I v iii) 

Fig. A.2. The mode1 & Coulter counter, 

Table A.1. Description of Coulter counter controls. 

Control/ switch I Description of function 
(i) / threshold control / -determines the lower size Iimit of the count 
(ii) l/amplification switch 1 -adjus& the gain on the amplifier 
(iii) i 1 /aperture current switch 1 -regdates the amount of current flow through the 

I j aperture 
(iv) / auxiliary stopcock 1 -useci to flush the aperture tube 



(v) j vacuum control stopcock 1 -useci to initiate countïng 
-in vertical "open" position electronic counter is 

-in horizontal "closed" position counting is 
f / initiated 

(vi) j numeric readout -displays number of wunts for the selected 
I l ihreshold division 

(vii) oscilloscope screen 1 -provides operator with visual indication of the 
l 
i ' noise level, clogged aperture, and a pulse pattern 
1 representation of cells passing through the orifice 

(viii) debris monitor -a projection screen to view aperture orifice for 
I / possible blockage by debris 

A.2.2 Charts and equations for coincidence correction 

A common problem experienced with the use of the Coulter counter is the concept 

of count loss. This dilemma occurs as a result of a coincident passage of cells, or rather 

more than one ce11 simultaneously entering the aperture at once and consequently 

registering as a single pulse and count. With aperture tubes of larger orifice diameters the 

chance of more than one ce11 being registered as a single count is much greater, as is the 

coincidence correction which need to be applied to the registered numeric readout count. 

This phenomena will also occur in highly concentratecl electrolyte ce11 suspensions and in 

circumstances when cells have not been well resuspended and exist in the form of 

aggregated clumps. 

The simplest solution to the aforementioned problem is to simply dilute the sample 

concentration. However, in cases when this is not applicable a correction factor must be 

employed. These correction factors are justified when dealing with normal distributions of 

celi populations. OutIined in the following subsections are a series of charts and 

coincidence correction equations that can be used to correct ce11 count values for either the 

100 pm or 140 Fm aperture tubes. 



When applyuig a coincidence correction to ce11 counts there are first a few points to 

consider. First, coincidence correction on a wunt of 10,000 cells per 0.5 mL sample is 

negligible, whereupon the error is only 3%. Second, counts should be maintained above 

1,000 cells per 0.5 mL due the increased acniracy of the Coulter counter in this range. 

Finally, for counts obtained above 90,000 cells per 0.5 mL of sample then a higher dilution 

should be used. Counts above such values are l e s  accurate due to the fact that the number 

of cells passing through the aperture exceeds the maximum speed at which the counting 

mechanism opaates in the C o d t a  cuunter. 

A.2.2.1 Applying a coincidence correction to a displayed Coulter count 

In the following section is outlined the appropriate equations to be used when 

correcting for the coincident passage of cells through either a 100 p m  or 140 Fm aperture 

tube and a 0.5 mL sampling volume. Fig. A.3 depicts the appropnate coincidence 

correction chart provideà by Coulter Electronics (Burlington, ON) for a 0.5 mL sampling 

volume and a range of aperture tube with diffèrent orifice diameters. 





The relevant equations for coincidence correction of counts fiom 100 pm and 140 

p m  aperture tubes were determined empirically h m  Fig. A.3 as follows: 

For 100 pn aperture tube: 

correction of: 
2.43% at 10,000 cells + slope = 2.43%/ 10,000cells = 2.43E-û4%/cell 
7.38% at 30,000 cells -+ slope = 7.38%/30,000cells = 2.46E-04%/cell 
12.22% at 50,000 cells + slope = 12.22%/50,000cells = 2.44E-04%/cell 
17.18% at 70,000 cells + slope = 17.18%/70,000cells = 2.45E-04W~ll 

AVERAGE = 2.44E-04%/ce11 

FACTORiAL AVERAGE = 2.44E-061cell 

Exampie: Correction at 50,000 cells: 
Correction Factor = 2.44E-06/cell x 50,000 cells = 0.122 (i.e. 12.22%) 
True Number = (50,000 x 0.122) + 50,000 

= 6,l O0 + 50,000 
= 56, Io0 cells 

. - Equation for coincidence correction for a 100 p m  aperture tube (where n = numeric 
readout count) is: 

true number = n (n x 2.44E-06) + n 
= n2 (2.44E-06) + n 

For 140 aperture tube: 

correction of: 
14.37% at 20,000 cells + slope = 1 4.37%/20,000celIs = 7.1 8 5 E-04%lcell 

- - 7.1 8 5 E-06/cell 

Example: Correction at 20,000 cens: 
Correction Factor = 7.1 85E-06/cell x 20,000 cells = 0.1437 (i.e. 14.37%) 
Tme Number = (20,000 x 0.1437) + 20,000 

= 2874 + 20,000 
= 22,874 cells 

. . Equation for coincidence correction for a 140 pm aperture tube (where n = nunieric 
readout count) is: 

?rue number = n (n x Z185E-06) + n 
= n2 ( X  l8SE-06) + n 



The above mentioned equations for coincidence correction can easily be inputteâ 

directly into an EXCEL worksheet as a formula for a single spreadsheet cell. The 

following EXCEL formula wiIl correct a count fiom one ce11 and places it in another in its 

fùlly çorrected form, with respect to the true number determination 

ie .  F60 = ((POWER(F59,2))*(0.000007 1 85))+FS9 

A.2.3 Performing a Basic Cell Count: Start to F i s h  

Before using the Coulter counter for determining ce11 concentration it is important 

to make sure that the proper aperture tube is in place. The full range of detection for an 

aperture tube is between 2% and 40% of its orifice diameter. Whenever a new aperture 

tube is insta.lled it must first be calibrated with standard sized latex particles which fa11 

within 5% to 20% of its orifice diameter (see Section A.3). 

The optimal settings to use for çounting with a 100 p m  aperture tube in place are a 

Vamp. = 2, l/ap.current = 8, and a tlweshold division = 7. As explained explicitly in a 

later section with respect to actud sizing of ce11 populations a threshold setting of 7 

provides a cutoff during the counting process such that only cells with a diameter of 8.7 

p m  and above will be counted. In some cases it may be more pertinent to use a higher 

threshold setting for a more accurate counting especially if there are a range of ce11 sizes 

present. A threshold setting = 20 with a I/amp. = 2, and l/ap.cument = 8, produces a cutoff 

of 1 1.9 Pm. Although this setting is a Little closer to mean ce11 diameters of such cells like 

CHO and K562, in control populations the determined ce11 wunt using eittier a threshold 

of 7 or 20 usually produces the sarne result. 



368 

A.23.1 Flushing the system before counting 

1. 

II. 

III. 

T m  on the Coulter muter  by pulling on the odoff knob in the bottom lefi-hand 

corner and let it warm up for a few minutes in order to build up a vacuum. Also, 

make sure that the sample volume switch on the nght-hand side of the Coulter 

counter is set to 0.5 mL. Next, place a sample via1 314 full of Isoton II ont0 the 

platform stand and submerge the aperture tube and external electrode into the 

Isoton II if this has not already been done. Reposition the sample vid so that the 

aperture tube orifice is displayed centered on the debris monitor. 

Fil1 the system with Isoton II by turning the auxiliary stopcock clockwise to a 

vertical position, followed by turning the control stopcock to a vertical position in 

the same fashion. Afier a few seconds of flushing retum both stopcocks to their 

original horizontal positions in the same order. 

Next, perform a few trial counts using the Coulter counter on just the Isoton II 

solution alone to confirm that it is operating adequately a d o r  that the Isoton II 

solution is not contaminated with exogenous particles. First, tum the control 

stopcock clockwise to a vertical position. Then wait until a flatline is observed on 

the oscilloscope screen before continuing the same motion of the control stopcock 

to a horizontal position. After a few seconds a count is shown on the numeric 

readout display. Repeating this procedure a few tirnes provides an average Isoton 

II background reading, which in some circumstances may be necessary if particles 

have settled out in the stock Isoton II solution. 



A.2.3.2 Preparing and counting a ceil suspension sampie 

1. Afkr cells have been harvested from culture remove a mal1 sample for counting. 

Into a Coulter counter sarnple via1 tard on a top loading balance add a recordable 

amount of Isoton II solution. Then, into the same via1 place a recordable amount of 

your ce11 suspension. IdeaHy, most any range of ce11 suspension dilutions will 

suffice, although the coincidence correction fiom concentrated samples will be 

great. A cornmonly used dilution is usually 1 g or mL of ce11 suspension in a total 

weight or volume of 15 g or mL with Isoton II. A total volume of 15 mL will 

provide between 10-12 separate counts which can later be averaged, before the 

volume in the vid falls below the external efectrode and counts becorne more 

arnbiguous with repetition. 

II. In order to determine the concentration of cells in the prepared sarnple place it ont0 

the platforrn stand and submerge the aperture tube and extemal electrode. 

Reposition the sarnple viai so that the aperture tube orifice is displayed çentered on 

the debris monitor. Next, tum the control stopcock clockwise to a vertical position. 

Then wait until a flatline is observed on the oscilloscope screen before continuing 

the same motion of the control stopcock to a horizontal position. After a few 

seconds a count is shown on the numeric readout display. Finally, repeat the above 

procedure a few times mixing the solution in between gently with a plastic transfer 

pipet in order to provide an average count for your sample. 



A.2.3.3 Cdculrtion of celi concentration from numeric readout count 

After a number of munts have been obtained an average value is detennined which 

is followed by a coincidence correction. Finally, the concentration of cells in the original 

stock ce11 suspension is detennined by accounting for the dilution made in Isoton II and the 

sampling volume as shown here in the following sample calculation. 

Example: For a 111 7 mL dilution of a stock ce11 suspension, and counting using a 
140 pm aperture tube. 

Average Count = 16285 cells 
Corrected Count = n2 (Zl85E-06) + n 

= (1 6 2 8 ~ ) ~  (7.185E-06) + 16285 
= 1905 + 16285 
= 18190 cells 

#cells/mL in original = 18 190 cells x 17 x 1 = 6 1 8,460 celldml 
ce11 suspension 1 0.5 mL 

A.3 Aperture calibration 

A.3.1 Materials 

Coulter counter size standard L15 nominal latex beads and Isoton II electrolyte 

solution (Coulter Electronics, Burlingtion, ON). Latex beads appropnate for a LOO p m  

aperture tube calibration are 15.05 Pm in mode diameter (PN 6602797), and for a 140 p m  

aperture tube calibration are 42.80 Fm in mode diameter (PN 6602800). 



A3.2 Method 

1. First, repeatedl y invert the Cou1 ter counter size standard latex beads via1 vigorousl y 

several times and add 4 5  droplets of the beads to 150 mL of Isoton II prepared in 

a 200 mL beaker. Next, stir the solution with a spatula to obtain a homogenous 

solution and then pour approximately 50 mL of it into a clean 50 mL beaker. 

II. After properly washing and flushing the aperture tube with Isoton II (see Section 

A.2.3.1) place the 50 rnL beaker onto the platform stand with the aperture tube and 

extemal electrode subrnerged in the center of the solution. 

III. For the 100 p m  aperture tube calibrate using the settings 1/amp = 2 and Ilap. 

current = 8 and for the 140 pm aperture tube use the settings Vamp = 2 and Ilap. 

current = 2. Next, change the threshold control setting to 4, such that the 

corresponding line divisions align directly. Starting at this lower threshold 

division of 4, initiate the counting by turning the control stopcock as outlined 

previously in A.2.3.2.11. Record the reading on the numeric readout display and 

then change the lower threshold by 4 divisions again to a setting of 8. Gently mix 

the solution a few times with a plastic transfer pipet and repeat the counting 

procedure. Continue to change the lower threshold division each time by a factor 

of 4 and record the numerical output until a final lower threshold of 100 is reached. 

IV. Once completed, repeat the entire aforementioned process (1 and II) at least two 

more times fiom the stock 150 mL Isoton II solution containing latex beads. 



A.33 Daîa Andysis 

Count = the value displayed on the numerical display afkr the completion of each 
operational nin 

Conected Count (CC) = is the ce11 count after coincidence correction 

Window Nwnber (WN) = represents the window size 
Window Count (WC) = (CC in threshold number 4n) - (CC in threshold number 4(n+2)) 
WN x WC = Window Number x Window Count 
TC = Total Count = sum of al1 window counts 
TV = Total Volume = sum of al1 (WN x WC) 

MCT = Mean Ceil Threshold 
= the threshold division where the ce11 count has decreased by half 
= W/TC or determinecl fiom a 4 parameter fit curve of Lower Threshold vs. 

Corrected Average Ce11 Count 
MCV = Mean Ce11 Volume 

= CF x MCT 
= (4/3)(n R') where R = radius of the CC Size Standard spheres 

CF = Correction Factor used in the sizing of ce11 distributions 
CF = MCV/MCT = K V A  = volume per threshold division in Cim3/division 

where 1 = 1 /aperture current switch setting 
A = l/amplification switch setting 
K = a constant for a particular aperture tube and set of 

electronics, calculated using a known CC Size Standard 
spherical latex particles 

A.3.3.2 Determinhg the values of T, CF and K for the respective aperture tube 

The main objective in the calibration of each newly replaced aperture tube is to 

obtain values for the variables T, CF and K. Once detennined, these values later serve a 

key importance in the calculation of the mean ce11 volume of an analyzed ce11 population 

(see Section A.4). To that end the following section outlines the necessary procedure 



towards computing these values using an EXCEL spreadsheet and the collected counts 

fiom the size standard latex beads in Section A.3.3. 

Onto an EXCEL spreadsheet sirnilar to Spreadsheat A. 1 are entered the respective 

counts fiom lower thresholds of 4-100 as recorded fiom each repliate trial of counted 

latex beads (see Section A.3.2). Next, the 3 replicate counts at each lower threshold 

division are averaged together and then correction for coincidence passage of cells using 

the appropriate correction factor for the particular aperture tube used, as outlined in Section 

A.2.3.1. 

Determining MCT, the threshold division at which particle count decreases by ha@ 

Method 1: 

Using SigmaPlot (Jandel Scientific Corp., San Rafaei, CA) create a distribution of 

lower threshold divisions 4-100 vs. the coincidence corrected average counts for each 

division as shown in Fig. A.4. The data points on this plot are fitted using first a 2- 

parameter and then a 4-parameter logistical non-linear c w e  fitting equation, 

where a and d were set to the maximum and minimum comected average counts, 

respectively. The values exponential value of 6 and c were substituted into the 

4-parameter equation after detennination using 2-parameters. The final value of c 

represents the value of T or threshold division at which the particle count has decreased by 

half of its original value. 



Spreadsheet A.1. Aperture calibration. 



Method 2: 

Into a separate column on the EXCEL spreadsheet enter in as shown ont0 

Spreadsheet A. 1 the respective Window Numbers (WN) values. These values simply 

represent the midpoint lower threshold division value between consecutively measured 

divisions, such that the separation between windows is 8 threshold divisions. Each W7ir 

value can be deterrnineù by the equation, 

W N =  (LTDfn) - LTD where n = every number fiom 3 to 25 
and LTD = lowest measured threshold division, in this case 
simply substitute the value of 4 here 

In another set of columns is detennined the relative size of each window or rather the 

number of wunts or Window Counts (Wo falling within each Window Number. The WC 

values simply represent the difference in counts between every other Lower Threshold 

value. These values are calculated fiom each set of replicate coincidence corrected çounts 

(CC) and the corrected average counts measured for each Lower Threshold using the 

equation, 

WC = (CC in îhreshold number 4n) - (CC in threshold number 4(n +2)) 

i.e. The difference between Lower Threshold 4 and 12 is placed next to WV = 8 
The difference between Lower Threshold 8 and 16 is placed next to FW = 12 
The difference between Lower Threshold 12 and 20 is placed next to W7V = 16 

When the wnsecutive values of Window Numbers are plotted vs. the values of there 

Window Counts a distribution is revealed (Fig. AS). increasing WV represent a series of 

discrete steps in volume or windows in which the number of counts, WC are determined. 
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Lower Threshold 

Fig. A.4. Determination of MCT or the threshold division at which the particle 
count has decreased by half by Method 1. 

Fig. A.5. Size distribution of 15.05 pm latex beads used for calibrating 100 Pm 
aperture tube. 



in a final set of spreadsheet columns calculate the values of (Wnx WC) for each 

replicate determination by multiplying the W V  values by their corresponding WC values. 

The W x WC value for each W N  represents the volume of that particular window. When 

these values are added up for each replicate determination the overall value is the total 

measured volume or TV. And, when the corresponding counts, WC for each window are 

added up the overall total value is called the total count, TC. When the total measured 

volume, TV is divided by the total nunber of WC, TC the resultant value is the mean ce11 

thres ho Id, MCT. 

i.e. TV= Total Volume of al1 of the WNxWC values added together for each replicate 
TC = Totai Count of al1 of the WC values added together for each replicate 
MCT = TV/TC 

For a more accurate determination of MCT based on Fig. A.4 only those values falling 

within the actual peak portion of the curve may be included. In other words you can 

determine TC and TV, and hence MCT based solely on the individual values of WC and 

WC x W7V falling between FV7V 28-50. 

Detemining the correction factor, CF and ernpirical constant, K: 

The equation for calculating the correction factor, CF of an aperture tube is given by, 

where, MC?' is determineci by either Method 1 or 2 (see above) 
and MCV = rnean ce11 volume (or mean volume of latex beads) 

= (4/3)(x R)) 
where R = radius of the CC size standard latex beads 
Since D = 15.05 p m  (for 100 p m  aperture tube calibration latex beads) 
:. R = 7.525 pm 

then R' = 426.1 O783 p3 



:. MCV = ( 4 / 3 ) n ~ ~  
= (4/3)(3.14)(426.10783) 
= 1784.8763 pn3 

Presented here in Table A.2 is a summary of  the above calcuiations for M m ,  MCV, and 

CF as determined fiom values presented in Table A.2 

Table A.2. Summary of empirically determined values of MCT, MCV, and CF. 

Replicote MCT = W/TC MCV CF = M%V/M%T 
numkr 

2 42.0626 1784.8763 42.4338 
3 40.9828 1784.8763 43.55 18 

From average WC 41.3127 1784.8763 43 -2040 
of 1-3 

OveraU average: 4 1.2992 1784.8763 43.2238 

Therefore, with the 100 pm aperture tube in place the mean volume per threshold division, 

Finally, the equation for dculating the empiricai constant, K for a particular aperture tube 

is given by the equation, 

K =  (CF)_ where, 1 = Vaperture cwent switch setting = 2 
1 *A A = l/amplification switch setting = 2 

K = fMcVMCn 
1 *A 

= ( 1  784.8763 / 41 -2992) 
2 x 8  

= 2.728 



A.4 CeU sizing, volume, and diameter determination 

The procedure for sizing a given ceIl population is very siIlziIar in nature to the 

protocol used for calibrating an aperture tube with size standard latex beads (see Section 

A.3). The only exception though resides in the fact that the ce11 population under study 

may contain a wide range of sizes. Therefore, we may not be able to obtain a full analysis 

of the size distribution of the population using only one llamp and 1lap.current setting, as 

was the case with the size standard, nomally distributed latex beads. hstead, cells will be 

counted through a range of Iowa threshold settings in entireîy for each of a series of 

different l/amp and l/ap.cumt settings. As detailed in the accompanying spreadsheets, 

each llamp and I/ap.current setting examines a limited portion of the final size distribution 

c w e ,  or rather counts only cells that fall within a particular volume range. Also, each of 

these separate portions of the entire size distribution partially overlap with the previously 

examined portion. In the final step of the sizing procedure the collected Window Count 

(WC) data is normalized to a single l / m p  and l/ap.current setting and then averaged 

together to produce the desired distribution of sizes within the population. 

A.4.1 Method 

1. Harvest or otherwise remove a sufficient quantity of cells in media fiom the culture 

to be analyzed and place them in a 50 mL conical centrifuge tube. The amount of 

cells removed will depend on the overall number of lhmp and 1lap.current settings 

needed, and the number of replicate determinations from each necessary to cover 

the entire distribution of sizes. An ideal concentration of cells to use is between 

0.3-1x10~ cells/mL. When diluted 355  mL in Isoton iI you want the numeric 



output of the initially measured lower threshold of 4 to be a high enough value, on 

the order of 7000-10000 so that the rest of the distribution can adequately be 

examineci. In other words, as  you count the number of cells at each subsequent 

threshold division the displayed count on the numeric readout display will 

decrease. As this happas you do not want this number to reach or approach a 

value of O before you have had a chance to reach the lower threshold division of 

100. 

Determining the required number of cells and overall volume of cell suspension needed fo 
size the entire population: 

If your stock cell suspension has a concentration of cells of 3x10' cells/mL, and 

you dilute thern in Isoton II by 3 5 5  mL, and size 3 replicates per l/amp, l/ap.current 

setting for a total of 3 separate settings then, 

# cells needed = 3 x 1 O' cells/mL x 3 mUreplicate x 3 replicates/setîing x 3 settings 
z 8 x 106 cells 

volume of ce11 = 3 mL/replicate x 3 replicatedsetting x 3 settings 
suspension needed s 27 mL 

II. After preparation, invert the tube containhg the ce11 suspension so as to prevent 

settling. Then, into a clean glass 60 mL beaker dilute the cells 3:55 mL in Isoton 

II. If a different dilution factor is chosen be sure to maintain consistency for each 

perfoxmed replicate. 

III. After properly washing and flushing the aperture tube with Isoton II (see Section 

A.2.3.1) place the sample beaker ont0 the platfonn stand submerging the aperture 

tube and extemal electrode into solution. Beginning with a l/amp = 2, llap-current 



= 8 for the 100 p aperture tube and a threshold division of 4 initiate counting by 

t-g clockwise the control stopcock vertical then horizontal, recording the 

displayed number afierwards. 

IV. Next, repeat the counting process as before, first at thresholds of 8, 12, 16, 20 then 

100, 96, 92, 88 before going onto covering the entire range of thresholds fiom 4- 

100. Fust, check the recorded value for the threshold of 4 to see that it is large 

enough to cover the distribution, and then confirm that the value at the threshold of 

100 is still readable and not close to O. Second, as explained in Section A.3.3.2 

determine the number of Window Counts (WC) within the f h t  few and last few 

Window Numbers (m. In other words, for WN = 8, the WC is the count at 

threshold 12 minus the count at threshold 4, etc. 

Idedly, we do not want the WC to decrease f?om WN = 8 to 96 too fast or too 

slow. Instead much like Fig. A.4 we want the WC to decrease by half by the time a lower 

threshold of 50 is wunted. A consistent WC of around 200 for the first few WN is best. I f  

the first few WC values are large, around 1000 then a WC value of O will be achieved 

before a Iower threshold of 100 is reached. Consequently, with the current l/amp, 

I/ap.current settings a portion of size distribution beyond the peak is being analyzed. The 

solution to this problem is to lower only the Vap. current setting by one notch and repeat 

the counting process again for the first few threshold divisions. If the fkst few WC values 

are small, l e s  than 100 then we are examining the low end of the size distribution curve 

and accordingly nothing of significance by the point a threshold of 100 is counted. The 

solution to this problem is to raise only the l/ap.current setting by one notch and repeat the 

counting process again for the first few threshold divisions. 



V. Once the proper initial Vamp, 11ap.cu~~ent settings have been established start 

again at a threshold of 4, take a reading and then change the threshold by 4 

divisions to the next setting and repeat until a threshold of 100 is reached. In 

between measurernents gently mix the solution a few times with a plastic transfer 

pipet. 

VI. Next, repeat the aforementioned procedure in replicate, about 2-3 tirnes for each set 

of new llamp, l/ap.current settings. It is best to keep llamp setting constant and 

change only the l/ap.cwent switch 1-2 notches abovehelow the initial setting so 

that essentially the entire size distribution will eventually be covered. 

A.4.2 Data analysis 

A.4.2.1 Calculating coincidence corrected counts, WN, and WC 

As explained earlier in Section A.3.3.2 the counts obtained fiom lower thresholds 

of 4-100 are entered ont0 EXCEL spreadsheets similar to Spreadsheet A.2, one for each 

separate set of llamp, l/ap.current setting analyzed. At the end of this Appendix is 

provided a series of these example spreadsheets used is the sizing of K562 cells after O, 

72 hr of dexrazoxane (ICRF- 1 87) exposure (Spreadsheets A.2-A.7). 

The replicate counts at each lower threshold division are averaged together and 

then correction for coincidence passage of cells is made using the appropriate correction 

factor for the particular aperture tube used, as oudineci in Section A.2.2.1. h to  a separate 

column on the spreadsheet (see Spreadsheet A.2) is entered the respective Window 

Nurnbers (FfW) values. Each KN value can be detennined by the equation, 



W =  (LTD*n) - LTD where n = every number fkom 3 to 25 
and LTD = lowest measured threshold division, in this case 
simply substitute the value of 4 here 

In another set of columns is detemiiaed the relative size of each window or rather 

the number of counts or Window Counts (WC) falling within each Window Nurnber. 

These vdues are calculated fkom each set of replicate coincidence corrected wunts (CC) 

and the currected average counts measured for each Lower Threshold using the equation, 

WC = (CC in threshoid numkr 4n) - (CC in threshold nrrmber 4(n+2)) 

In a final set of spreadsheet columns the values of (Wnx WC) for each replicate 

are calculated by multiplying the FVW values by their corresponding WC values. 

A.4.2.2 Calculating the volume and diameter sizes corresponding to each Wn 

To ultimately plot a distribution curve of size vs. WC fiom the collected data the 

volume and diameter sizes corresponding to each Window Number (WN) need to be 

detennined. 

Detennining the covesponding volume ( j 3 )  for each Window Nrtmbec 

Remember fiom Section A.3.3.2. 

which remanges to fom, 

where T = Window Number 
K = Empirical constant (2.728) 
I = l/ap.current setting 
A = l/arnp setting 



Sample calculation: 

For settings of Vamp = 2 and l/ap.current = 8 
Then the corresponding volume for a Window Number (WN) of 8 is: 

Determining the con-esponding diameter @m) for each Window Number: 

Remernber fiom Section A.3.3.2. 

V = 4/3m3 where V = same volume as determined above 
r = ' 4 ( 3 / 4 ) 0 / ~  
r = ((3/4)03/n)'" 

Since D = 2r . D = 2 x ( ( 3 / 4 ) 0 / 1 ~ ) ~ ~  

Sample calculation: 

For settings of llamp = 2 and l/ap.current = 8 
Then the corresponding diameter fiom the above determined volume of 349.18 from 
settings of Vamp = 2 and l/ap.current = 2, and WN = 8: 

D = 2 x ((3/4)(39/7t)'" 
= 2 x ((3/4)(349.18)/~) 
= 8.74 p m  

A.4.2.3 Normalization of WC and (KWxWC) values to one Vamp. and l/ap.current 
setting 

When more than one set of l/amp, l/ap.current settings are used to plot the size 

distribution of a ce11 line we need to normalize al1 of the calculated Window Counts (WC), 

to one particular setting. In addition, if at a later stage the Mean Ce11 Volume or Diameter 

(MCV or MCD) of the population is to be detennined then we must also normalize the 

(WVxWC) values in the same manner. The reasoning for normalization is that when non- 



normaiized Window Counts are plotted vernis Volume for a range of l/amp, l/ap.current 

seîtings the result is not a continuous curve but rather one that is disjointed at the sections 

where the windows of view overlap, as shown in Fig. A.6 for O hr K562 ceils. 

Fig. A.6. Non-normalized s u e  distribution of cells counted at 3 different llamp, 
l/ap.current settings. 



The acçompanying EXCEL spreadsheets (Spreadsheets AS-A.6) at the end of this 

Appendix help to dernonstrate the process of norrnalization of WC and (WNx WC) values to 

the settings of llamp = 2 and 11ap.c~~~ent = 2. Based on the previous equation V = 

(K 1.A)-T we can see that volume is proportional to a factor of the product of the Ilamp and 

1 /ap.current. Therefore if we multiply or divide the WC and (WNx WC) values obtained 

fiom different settings by set factors we c m  make them proportional to those values 

obtained fiom the llamp = 2 and llap.cu~~ent = 2 settings. 

Sample Calculution: 

Normalizing to 11A.p  = 2, llap-current = 2 + 2 x 2 = 4  (A) 

WC=1247 for l/amp=2, I/ap.current=8 + 2 x 8 = 1 6  @) 

Since the difference between (A) and (B) is a factor of 4 we divide the WC from (B) by 4 
to get the new WC, which is proportional to (A): 

WC=3665  for l/amp=2, l/ap.current= 1 + 2 x 1 = 2  (c) 

Since the difference between (A) and (C) is a factor of 2 we rnultiply the WC fiom (C) by 
4 to get the new WC, which is proportional to (A): 

Once al1 of the WC, and (WNxWC) values fiom each setting have been made 

proportional to each other, respectively then before the data can be plotted one final step 

remains. As can be seen in Fig. A.6 there exists some overlapping portions of the 

distribution between separately analyzed 1 Iarnp, 1 1ap.cwrent settings. Therefore the 

normalized data fiom each setting used needs to be averaged together at those 

volumeldiameter values where there exists an overlap. These new values are then put into 



a separate section on the spreadsheet (labeled "Al1 WC or WNxWC Averaged together") 

alongside their corresponding volumddiameter values. Subsequently WC (or ce11 number) 

vs. volwne/diameter may then be plotted. 

For example on Spreadsheet AS: 

Comparing the data for l/amp = 2, l/ap.current = 2 (refmed to as 2/2) and 1 /amp = 2, 
I/ap.current = 8 (refmed to as 2/8) the WC values for a volume of 349 need to be 
averaged together. 

Also, comparing the data for settings 2/2, 2/8, 2/16 the WC values for a volume of 698 
need to be averaged together. 

A.4.2.4 Calculating the MCV, and MCD from Coulter counter sizing data 

In order to calculate the Mean Ce11 Volume (MCV) or Mean Ce11 Diameter (MCD 

of a ce11 population using Coulter counter data a few conditions must be satisfied. First, al1 

WC and (m7Vx WC) values must be normalized to a single 1 /arnp, 1 /ap.current setting (see 

Section A.4.2.3). Second, the size distribution when plotted must exhibit Gaussian-like 

features and be complete in nature. For example, in Fig A.7 are displayed two distribution 

curves. The first curve (O hi plot) is complete in nature, and the second curve (72 hr plot) 

exhibits a pattern of decay with no identifiable midpoint. 

Demonstrated on Spreadsheet A.7 are the necessary calcuiations needed to 

determine the MCV or MCD of a population. For the purpose of comparison, MCV was 

calculated for the second curve in Fig. A.7 (72 hr plot). This was done so as to 

demonstrate the concept that an accurate determination of MCV cannot be achieved due to 

the high incidence of background electrical noise or a high proportion of particles in such 

ce11 populations. On an EXCEL spreadsheet are placed the normalized values of WC and 



(WNxWC) dong side their correspondhg window size, expressed in terms of volume or 

diameter. 

Example (see Spreadsheet A.7, Time = O br data): 

Determine the total WC value or TC by adding up al1 of the WC values. De tmine  

total volume, W by doing the same for d l  of the (WNx WC) values. Correspondingly, fiom 

Spreadsheet A.7 these values are, 

TC= 10986 and TV=427968 

Next, calculate the mean ce11 threshold value using the equation, 

MCT = TV7TC 
= 427968 / 1 O986 
= 38.9547 

Remember fiom Section A.3.3.2 that, 

C F  = MCVMCT where CF = 43.238, after 100 pm aperture tube calibration 
,.. MCV= MCT*CF 

= (38.9547)(43.238) 
= 1683.77 

:. MCD = 'd((3/4)(Mc~/hj 
= ((3/4) (MCV/Z)'" 
= ((3/4( 1 683.77)/3.14)"' 
= 14.76 p m  

A.4.2.5 Curve smoothing to remove noise in the size distribution 

Sometirnes, due to the number of fine particdates in the ce11 suspension a evenly 

smoothed curve is not readily obtained. Therefore, in order to make the data appear alittle 

more presentable we c m  smooth out the data such that this noise is somewhat reduced. 

SigmaPlot contains a function that allows for such curve smoothing. It is known as the 

"Running Average" function, which can be entered under ~ r a n s f o r m u ,  then <User- 



define&. What it does is it takes the nuuiing average of a set sequence of data, then s h i h  

to the next starting data point and does the same thing. In other words if you want it to 

average every 3 data points, it will start fiom the beginning and average the first 3 points, 

then move to the second data point and average the next 3, then to the third point, and so 

on. You can allow it to average every 3,5, 7, etc number of points and display the average 

of these values. The oniy shortcoming is that wnsequently some data is not averaged and 

will be lost, or should not thusly included in the plot. Finally, plot the new running 

averaged voIumes vs. their corresponding running averaged Window Counts (Wo to see 

the new smoother plot. 

If you want to take the running average of whatever is in colwnn 1 and put it in 
column 2 with a window or averaging sequence of 3 then the formula would look like this: 

Further improvernents of a distribution plot may be made pureIy for cosmetic 

purposes. Many sizing attempts using a 100 pm aperture tube have shown that WC 

become erroneous and exponentiaily increase logarithmically as cell size decreases [2]. 

This occurs particularly for FKV values which count particles within the range of 0-900 

in volume or 0-12 pm in diameter. This attribute of the Coulter counter may be 

attributed to electronic noise which bemmes more accentuated when utilizing high l/amp, 

l/ap.current settings. Therefore, as shown in Fig. A.7 a cutoff can be applied such that 

only data collected above volume values of 900 will be shown in the final resultant 

distribution plot. 



+ Ohr - 72ht 

Fig. A.7. Size distribution analysis of K562 cells exposed daily to 100 pM 
dexrazorane. At indicated time intervals - 1 x 10' cells were removed and counted 
utilizing a mode1 Zr Coulter counter (100 pm aperture tube). Final ce11 counts were 
normalized to equal the control settings (Vamp = 2, I/ap.cument = 2), and expressed as a 
distribution as a fùnction o f  (a) volume, or @) diameter. 
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