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Abstract

The bisdioxopiperazines including dexrazoxane are strong catalytic inhibitors of
DNA topoisomerase II. The aim of the following study was to examine the in vitro effects
of dexrazoxane on the growth, cytotoxicity, morphology, cell cycle progression, and where
applicable induction of apoptosis and differentiation of Chinese hamster ovary (CHO), and
human erythroleukemic K562 cell lines. Finally, a dexrazoxane-resistant strain of K562
cells was selected and characterized for cross-resistance towards other bisdioxopiperazines
and antineoplastic agents. Daily exposure to dexrazoxane inhibited growth of both CHO
and K562 cell lines, while permitting a significant increase in cell size. Cell cycle analysis
revealed that these cells were highly polyploid (up to 32 N DNA content). Confocal,
electron, and fluorescence microscopy revealed mulitlobed nuclei, and together with the
presence of multiple centrosomes suggested continued cell 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 marginally in KS62 cells. Delayed apoptosis was
observed only in K562 cells as seen by an increase of sub-diploid apoptotic bodies,
condensed and/or fragmented 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/DZ1 cells (~126-fold), were highly cross-resistant towards
ICRF-154 and ICRF-193, as well as against doxorubicin (2.4-fold) and etoposide (4-fold).
Thus, the prevention of cytokinesis does not necessarily preclude continued cell 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

Oxygen-derived free radicals commonly target membranes, nucleic acids, and
proteins and have been implicated to play a significant role in various diseases and
toxicities through the induction of oxidative stress [1,2]. Although oxygen radicals are
produced naturally in biological systems their excessive production in response to drug
metabolism or other forms of insult can overwhelm antioxidant protective systems
resulting in an oxidative stress [3], intrinsically 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 [4-7].

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 aldehyde oxidases, as well as indoleamine and tryptophan
deoxygenases [3]. Hydrogen peroxide is produced by the dismutation of superoxide and is

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

20,°"+2H" = H,0,+ 0, (hydrogen peroxide formation) {1}
0, +Fe’ - Fe* +0, (reduction of Fe**) {2}
Fe? + H,0, » Fe¥ +OH*+OH ™~ (Fenton reaction) {3}

The highly reactive hydroxyl radical can cause membrane cell 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 [3]:

LH+OH® - L*+H,0 {4}
L°+0, - LOO"® {5}
LOO*+LH — LOOH+L" {6}

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

Doxorubicin (Adriamycin®) 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 [6] and the expression of such side effects as
myelosuppression, nausea, and alopecia [9]. As a consequence, the maximum
recommended cumulative dose of doxorubicin is 550 mg/m2 [8]. Current evidence has
suggested that the cardiotoxic effects of doxorubicin which include congestive heart failure
[10], as well as reduced cardiac output and venous congestion can be attributed to iron-
based oxygen free radical-induced oxidative stress [6,11-13]. Heart muscle tissue is
commonly most affected by the action of doxorubicin [14-16] due to a relatively low level
of antioxidant protective enzymes [3,13,17] such as superoxide dismutase, catalase, and
glutathione peroxidase which are normally able to protect other vital organs by
diminishing accentuated levels of oxygen radicals through a series of biological reactions
[18].

The potency of doxorubicin can be attributed to its site-specific effects on various
cellular systems essential for survival resulting in DNA damage, lipid peroxidation, and

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



and potentially cytotoxic oxygen free radical species which are responsible for these
effects are generated through a one electron redox cycling of doxorubicin in a free or Fe**-
complexed form. Uncomplexed free 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 [21].
Aerobic reoxidation of the doxorubicin semiquinone (DOX ° 7) back to doxorubicin
transfers its electron to O, to produce superoxide (equation 8). Oxidative damage is
subsequently mediated by the production of hydrogen peroxide and the extremely reactive

hydroxyl radical through equations 1 and 3.

DOX +e~ — DOX*" (7
DOX *"+0; — DOX+O0;" (8}

Redox cycling can also occur through the stable Fe’*-doxorubicin complex which
is formed in a 3:1 ratio of anthracycline:Fe** [6]. The Fe**-doxorubicin complex may be
able to initiate oxygen-radical lipid peroxidation through its site-specific targeting of the
cardiolipin-rich inner mitochondrial membrane [22]. The Fe**-doxorubicin complex is
reduced to the Fe?*-doxorubicin complex by superoxide (equation 9) or by the doxorubicin

semiquinone radical (equation 10) [23].

Fe **-(DOX); + 0, °~ — Fe **-(DOX); + O, (9}
Fe 3*-(DOX); + DOX *~ — Fe **<(DOX); + DOX {10}

In the presence of oxygen the Fe’*-doxorubicin complex is regenerated producing

superoxide (equation 11) and subsequently hydrogen peroxide (equation 1) as well as the



hydroxyl radical through the oxidation of other forms of the Fe**-doxorubicin complex

(equation 12).

Fe **-(DOX); + O — Fe **-(DOX); +0, {11}
Fe ¥-(DOX)3 + H,0; — Fe**«(DOX); + OH + OH * {12}

1.1.2  Protection against anthracycline cardiotoxicity with the antioxidant
dexrazoxane

The current development of antioxidant drugs has been prompted by iron-
dependent oxygen free radical cardiotoxicity of anthracyclines such as doxorubicin, as
discussed above. Ideally, adequate protection of susceptible organs to free radical damage
would consequently enable the administration of higher dosages of antitumor
anthracyclines without compromising the integrity of healthy cells, particularly in the
heart. Although many biological compounds including ascorbic acid (vitamin C),
glutathione, a-tocopherol (vitamin E), B-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.

Currently the cardiotoxic effects of doxorubicin administered to women with
metastatic breast cancer is reduced by a clinically effective agent, known as dexrazoxane
(ICRF-187, Zinecard®, or Cardioxane®) [14,26-28]. Dexrazoxane is the (+)-(S)-
enantiomer of racemic ICRF-159, which in addition to other bisdioxopiperazine analogs
(Fig. 1.1) were originally synthesized as potential antitumor [29] and antimetastatic agents
[30]. However, when co-administered with doxorubicin to prevent oxygen-mediated free

radical damage, the antitumor activity of doxorubicin is unaffected [31,32]. 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 cell 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 form, ADR-925 (D in Fig. 1.2) via one ring opened intermediate forms, B and C
(Fig. 1.2). In the liver 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 drug reaches its putative site of
action, the heart. Under physiological conditions (pH 7.4 and 37°C), dexrazoxane
disappears with a half-time 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 from the status of
a prodrug to that the active metal-chelating drug ADR-925, structurally similar 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 diffuses back and
forth across cell membranes before hydrolysis [40,41]. As the hydrolysis product of
dexrazoxane, ADR-925 is a strong chelator of Fe’* and Cu®*, and has a much lower
affinity for Ca®* and Mg®* than does EDTA [39]. Cardioprotection against doxorubicin-
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 from

its complex with doxorubicin [40,43].



o
o
™S N N ICRF-154 R, =R, =H
& - 1 =R =
4 H eH, ¢ ICRF-159 R; = H, R, = CHj (racemic)
o) ICRF-187 R4 = H, R, = CH3 ((S(«(+))
ICRF-186 R, = H, R, = CH; ((R((-))
Dexrazoxane (ICRF-187) ICRF-192 R4 = H, R, = C,Hg (racemic)
ICRF-193 R4 = R; = CH; (meso)
ICRF-201 R4 =R, = C,H5 (meso)
0 ICRF-202 Ry = CH3, R2 = Csz (erythro)
> R (o ICRF-215 R; = CH,, R, = C3H, (erythro)
HN N_S_N NH ICRF-220 Ry = CH3, Rz = CHzOCHg (erythro)
o Rz
o]

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

(0]

HNE ‘N_\— /—COOH
2 / N
3
o HY CH, LCONHZ
B \
° o
? HOOC
>_/ R NH -/ _\—-N
N H,NOC W~
e} H" CH, ‘_ﬁ z HY CHs \— CONH,
o
A (ICRF-187, dexrazoxane)\ / D (ADR-925)
HoOOC—\ o
N
mnoc— N NH
H™ CH,y
o) HOOC—\
N /—COOH
c Hooc—" xNL
COOH
EDTA

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



1.2 Chemotherapeutic targeting of DNA topoisomerase I

The human genome is comprised of billions of DNA base pairs encompassing 46
chromosomes [44] whereby the cellular functions of this genetic material is significantly
influenced by such topological relationships as over/underwinding, 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 free 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 matrix 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 [46-49]. 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

treatment 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 I or type II topoisomerases. Type I topoisomerases are monomeric in their active
form, 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-
52]. As a result, these enzymes which are constitutively expressed throughout the cell

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



helix to alter superhelical densities [51,54]. In contrast, type II topoisomerases 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 Il activity may be regarded as an ATP-
dependent protein clamp model {55,56] consisting of several steps catalyzing the transfer
of a DNA phosphodiester 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 gap segment) [58]; conformational change concomitant with the binding of
ATP and second duplex DNA (T or transport segment); pre-strand passage breakage-
religation equilibrium via an intermediate enzyme-DNA complex; double-stranded DNA
passage; post-strand passage breakage-religation equilibrium; ATP hydrolysis/enzyme
turnover, regenerating its active conformation [46,50]. As a consequence of its action
topoisomerase Il not only modulates over- and underwinding but also relaxes positive and
negative supercoiled double-stranded DNA, catenates and decatenates circular DNA, and
is a major nuclear component of interphase cells, as well as a major polypeptide of the
chromosome scaffold in mitotic cells [50]. Finally, there exist two isoforms of
topoisomerase II, a and B. Topoisomerase P is expressed at constant low level [59]
whereas topoisomerase a is expressed differentially over the cell cycle peaking in activity

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



Fig. 1.1. The catalytic cycle of topoisomerase II activity. [46]

1.2.2  Molecular interaction between drugs and topoisomerase II

Topoisomerase-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. Topoisomerase II inhibition can be

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

1.2.2.1 Cleavable complex-forming topoisomerase Il poisons

This particular class of classical topoisomerase II inhibitors consists of intercalative
and non-intercalative agents which include such clinically effective antineoplastic agents
as the anthracyclines (doxorubicin and daunorubicin), epipodophyllotoxins (etoposide and

teniposide), and m-amsacrine [50,61,62]. Initially, it was believed that such agents as the
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anthracyclines were cytotoxic by virtue of their ability to intercalate between DNA base
pairs, thus affecting replication by interfering with the spatial arrangement of DNA and
sterically hindering nuclear protein formation [61,63]. While this remains true, 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 lI-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 functions these drugs rather
subvert the enzyme into a potent physiological toxin [50,54].

Since topoisomerase II cleaves DNA in a sequential manner, stabilized
topoisomerase 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 [50] they are converted into
more permanent breaks when replication complexes (DNA polymerase and helicase
enzymes) attempt to transverse the covalently-bound topoisomerase II roadblock
[44,50,54,65]. The presence of these breaks alone can greatly stimulate nucleic acid
recombination and mutation events, as well as lead to the formation of various
chromosomal abnormalities, and the triggering of cell death by apoptosis [50].

Higher levels of topoisomerase II expression are generally correlated with an
enhanced sensitivity to the cleavable complex-forming 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 11

and DNA may be a precursor to cell death [66], cytotoxicity is not simply due to
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topoisomerase II inhibition. [f enzyme inhibition was simply the mechanism of damage
then the supposition of higher enzyme levels relative to increased resistance would remain
true. Instead it is believed that the formation 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

with poly(ADP-ribosylation) [68], G2 arrest, and apoptosis [69].

1.2.2.2 Non-cleavable complex-forming, catalytic inhibitors of topoisomerase I1

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 [71], suramin [72], aclarubicin [73], and the
bisdioxopiperazines [74-77] are structurally diverse and do not necessarily share the same
binding site, although they do appear to affect the ATP binding domain of topoisomerase
[I. 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 topoisomerase 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 true that the bisdioxopiperazines, particularly dexrazoxane are

capable of reducing anthracycline cytotoxicity through the intracellular chelation of crucial
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metals, their topoisomerase II inhibitory mode of action may be equally if not more
fundamental in its current clinical usage. Additionally, some potential may still exist for
their usage in antitumor [80,81] and/or antimetastatic treatment regimens [14]. In fact,
dexrazoxane and ICRF-159 have been shown to effectively inhibit to varying degrees the
division of malignant and non-malignant cells, although a complete tumor regression has
never been seen [14,82]. Furthermore, ICRF-159 has demonstrated antimetastatic activity
in such models as Lewis lung carcinoma and sarcoma 180, attributable to its ability to
prevent tumor cell dissemination [14,83].

Although the bisdioxopiperazines are in general less cytotoxic than the cleavable
complex-forming topoisomerase 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 complex-forming drugs.
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 II-DNA complex. Previous studies have shown that the
bisdioxopierazines are capable of reducing protein-DNA cross-links and preventing
induced strand breaks by etoposide, amsacrine, daunorubicin, and doxorubicin [77,79,81],
as well as reducing the growth inhibitory cytotoxic effects of daunorubicin, doxorubicin
[14,81,84] and etoposide [77,81]. Ultimately the use of such catalytic inhibitors to
antagonize anthracycline-mediated growth inhibition would depend on such factors as
schedule of administration, drug concentration, topoisomerase II levels, and tumor types

[84]. In fact, the exertion of synergistic or antagonistic effects on cell survival with two
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opposing types of topoisomerase II inhibitors, ICRF-193 and etoposide has been shown to
depend directly on the treatment schedule and drug concentration [82,85]. Furthermore,
the activity of dexrazoxane is inversely proportional to topoisomerase II level, as
demonstrated by an increased effectiveness in inhibiting etoposide-mediated topoisomerase
[I-DNA covalent complexes in a cell line with reduced topoisomerase II protein levels

[79].

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 topoisomerase II conferred by dexrazoxane.
Specifically, the long term molecular, mechanistic and morphological effects of
dexrazoxane on various cell lines was investigated and/or discussed. While there exists
some overlap between chapters in terms of the protocols and methods employed, the
inherent studies are very different if not evolutionary, as explained further in subsequent
chapter introductory sections. In Chapter 2 the effects of dexrazoxane on cell growth, cell
cycling, and mitotic structural components was primarily investigated in an immortal, non-
neoplastic cell 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
mortal, primary heart fibroblast cell line, as well as in a previously established
dexrazoxane-resistant (DZR) CHO cell line. In Chapter 3 the preceding principal effects
of dexrazoxane exposure were explored further on a novel level using a multipotential,
human erythroleukemic immortal cell line known as K562. Specifically, the capability of

the bisdioxopiperazines, including dexrazoxane to induce hematopoietic cell differentiation
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towards erythroid and/or megakaryocyte progenitors, as well as induce apoptosis was
investigated. Finally, Chapter 4 covers the selection and isolation of a dexrazoxane-
resistant K562 cell line, its characterization, and analysis of cross-resistance towards other
antineoplastic and/or 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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Chapter 2 Characterization of the effects of dexrazoxane on morphological,
structural, and cell cycle properties of Chinese hamster ovary cells, and

related cell lines.

2.1 Introduction

2.1.1 The eukaryotic cell cycle

A typical eukaryotic cell cycle consists of four successive phases (Fig 2.1). During
S phase, which entails DNA synthesis the normal diploid (2N) complement of DNA is
doubled resulting in the replication of chromosomes. M phase consists of nuclear division
(mitosis) and cytoplasmic division (cytokinesis). Mitosis itself is composed 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 cell cycle are two

intervening gap phases, G2 and G1 [1].
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Fig. 2.1. The stages of a typical eukaryotic cell cycle. [2]
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The sequence of events during the cell cycle are normally tightly regulated so as to
ensure precision in the replication and segregation of cellular material. As discussed later
in further detail, negative feedback mechanisms known as checkpoint controls exist
throughout the cell cycle to ensure the proper timing and completion of various events
subsequent to continued cell 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 cell cycle blockage and/or the triggering of cell suicide by apoptosis

[4,5].

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 cell volume [6]. As a consequence, such cells are considered to be polyploid in
that they contain more than the normal diploid complement 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 cell cycle checkpoints
are either aborgated or delayed these events occur in the absence of cytokinesis [7].

Naturally occurring polyploid cells can be found in angiosperms and insects, as
well as in mammals 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 functions requiring high metabolic

activity [7]. In the context of studying cell cycle regulation and/or differentiation,
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polyploid cells can be induced in a cell line dependent manner by some types of
topoisomerase II inhibitors which uncouple chromosome dynamics from other cell cycle
events (8], as well as by tubulin-depolymerizing agents including colchicine and colcemid

[9], and inhibitors of actin polymerization such as cytochalasin B [10].

2.1.3 The project under study

Bisdioxopiperazines including ICRF-187 (dexrazoxane), ICRF-154, and ICRF-193
were originally synthesized as potential antitumor [11] and antimetastatic agents [12]. It
was believed that due to their structural similarity to EDTA, a powerful 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 [11]. Early
investigations revealed that although ICRF-159 (razoxane) and ICRF-154 were both active
against experimental mouse tumors [11], the observed cellular effects including toxicity
were mediated through an inhibition of DNA synthesis [13]. Since that time the
bisdioxopiperazine derivatives have been shown to disrupt essential cellular functions such
as DNA synthesis, chromosome condensation, and segregation through the inhibition of
DNA toposiomerase II activity [14,15]. Further studies have demonstrated the existence of
a structure-activity relationship between topoisomerase II inhibition, the level of induced
cytotoxicity [16], and cell line-specific growth inhibition [13,15,17,18] induced by the
bisdioxopiperazines.

In light of the above studies a great deal is known about the growth inhibitory and
cell cycle perturbation effects of ICRF-159 on a number of different cell lines [17,19].

Additionally, only a few studies involving a limited variety of cell lines have identified an
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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 (+)-(S)-enantomier
dexrazoxane has become more prominent in recent years [21]. Therefore the present study
was designed to provide a comprehensive analysis of the in vitro effects of dexrazoxane on
the growth, cytotoxicity, morphology and cell 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 number of properties, as compared to control cells. Furthermore, a
dexrazoxane-resistant CHO cell line (DZR) 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 cell lines, including the mechanistic mitotic

consequences with respect to dexrazoxane-induced topoisomerase I inhibition.
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2.2 Cell lines and culturing conditions

2.2.1 Materials

Dexrazoxane (Zinecard®, ICRF-187) was a gift of Pharmacia & Upjohn
(Columbus, OH, U.S.A.). Trypan blue dye (cat. No. T-6146), HEPES (cell culture grade,
cat. No. H-9136) was obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.).
Sodium bicarbonate (NaHCOQO;, cat. No. BP328-079) and Wheaton double sidearm
suspension culture flasks (125 mL, Cat. No. 06-416-2C) were obtained from Fisher
Scientific (Fairlawn, NJ, 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),
Dulbecco’s modified eagle medium/F-12 (DMEM/F-12, cat. No. 12500-062), penicillin-
streptomycin (cat. No. 25200-072), fetal bovine serum (FCS, cat. No. 26140-079), and
trypsin, 0.25% (w/v) in Hank’s buffered salt solution (HBSS, without Ca®* or Mg®") with 1
mM Na;EDTA (cat. No. 25200-072) were obtained from Gibco-BRL, Life Technologies
Inc. (Burlington, ON). Na,EDTA (cat. No. 10093) was obtained from BDH Chemicals
Ltd. (Toronto, ON). Sodium hydroxide (SN NaOH, cat. No. H369) was obtained from
Mallinckrodt Specialty Chemicals Co. (Paris, KT, U.S.A.). Isoton II Coulter balanced
electrolyte solution (cat. No. PN 8546719) was obtained from Beckman Coulter Inc.
(Burlington, ON). Carbon dioxide (standard grade) was purchased from Welder’s Supply
(Winnipeg, MB). Microtitre plates (96-well, sterile, cat. No. 83.1835), 50 mL sterile PP
conical centrifuge tubes (29x114 mm, cat. No. 62.547.004), T-25cm? (cat. No. 83.1810)
and T-75cm? (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 um acetate
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syringe filters (cat. No. 83.1826.001) and all other plasticware were obtained from Sarstedt
Inc. (St. Leonard, PQ). Glucometer Elite® Blood Glucose Meter and test strips (Bayer

Inc., Healthcare Division, Etobicoke, ON).

2.2.2  Cell growth and culturing conditions

Cell lines: Three cell 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) cell
line (type AA8; ATCC CRL-1859) was obtained from the American type Culture
Collection (Rockville, MD). Second, a dexrazoxane-resistant (DZR) cell line was
previously established in our laboratory by exposure of the CHO cell 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 topoisomerase II
[23]. Finally, a primary neonatal fibroblast cell line was isolated from 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: Cell culture media were prepared by dissolving one pack (10 g) of
o-MEM or DMEM/F-12, 4.76 g of HEPES, and 2.2 g of NaHCOj3 in 700 mL of ddH.O.
The pH of the solution was adjusted to 7.1 with 5 N NaOH. Next, 10 mL of penicillin-
streptomycin and 200 mL of ddH,O were added aseptically to bring the final volume to
900 mL, followed by sterile filteration through a 0.2 um Nalgene bottle top filter (Nalgene

Company, Rochester, New York). The solution was stored at 4°C for up to one month,
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where upon use 100 mL, or 10% (v/v) of fetal bovine serum (FCS) was added under sterile

conditions.

Culturing of cells: CHO and DZR cell lines were grown in a-MEM/FCS, as either
adherent/attached cultures in T-flasks or tissue culture plates, or as suspension cultures in
double sidearm suspended bar, magnetic spinner flasks. In the case of the latter method,
stirring speed was adjusted to ~1-2 rotations/sec with the use of an voltage controlling
device (Variac) so as to minimize shear forces and adverse effects on cell 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% (v/v) CO; at 37°C.

Harvesting and seeding of cells: Adherent cells in exponential growth approaching
confluence (T-250m2 flasks: 10x10° cells, T-75cm? flasks: 30x10° cells, and 35x10 mm or
6-well tissue culture plates: 3x10° cells) were harvested as follows: After removal of
conditioned medium from the flask, cells were washed once with 10 mL of Dulbecco’s
phosphate buffered saline (PBS). Next, 1 mL of 0.25% (w/v) trypsin in Hank’s buffered
salt solution (without Ca>* or Mg>) with | mM EDTA was added (2 mL for T-75cm?
flasks and 0.3 mL for 35x10 mm plates), and the flask was tottered back and forth gently
for up to S min until cells had detached from the bottom of the flask. Trypsin was then
inactivated by the addition of 9 equivalent 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. Afterwards, the supernatant was removed and cells
were resuspended in 10 mL of cell culture medium. Suspension cells in exponential
growth approaching maximum cell density (~1x10° cells/mL) were simply diluted to lower

starting concentrations (= 25,000 cells'mL). A model Z; Coulter counter (Coulter
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Electronics, Hialeah, FL, U.S.A.) was used to assess cell densities (cells'mL) from
aseptically removed samples in order to subsequently seed cells at desired levels (see

Appendix A.2)

Drug preparation and delivery: Dexrazoxane (M. = 268.28 g/mol) was dissolved in cell
culture medium, filter sterilized through a 0.2 um acetate syringe filter and added to cell

cultures at ~1-10 % (v/v) as per concentration used.

Assessment of viability: Trypan blue dye (0.6% w/v) was prepared by dissolving 0.6 g of
dye in ddH>O containing 150 mM NaCl and 1 mM NaEDTA. Cell viability was assessed
in a trypan blue dye exclusion analysis by diluting culture samples 1:1 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.

Assessment of glucose levels: Depletion of media nutrients was followed indirectly by
measuring the glucose content level from conditioned culture media. This was
accomplished by the use of a blood glucose meter (Glucometer Elite®, Bayer Inc.). For
each measurement individual test strips were removed from 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 onto the foil

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

mmol/L.
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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 two
separate methods of analysis. Cytotoxicity was first evaluated using a colorimetric MTT
(3-(4,5-dimethylythiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. MTT is a soluble
tetrazolium salt which is enzymatically reduced into an insoluble dark blue formazan
crystal by actively metabolizing cells [25]. In general, a linear relationship exists between
the number of viable cells in culture and level of formazan 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 cell counting analysis with the use of a model Z; Coulter counter.
Finally, dexrazoxane cytotoxicity of CHO cells was assessed by MTT analysis under
different conditions of drug exposure and media replacement so as to determine their effect

on cell proliferation and hence median inhibitory concentration values.

2.3.2 Materials

MTT (98%, TLC, cat. No. M-5655) was obtained from 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), fetal bovine
serum (FCS, cat. No. 26140-079), and trypsin, 0.25% (w/v) in HBSS (without Ca®* or

Mg”>*) with 1 mM NasEDTA (cat. No. 25200-072) were obtained from Gibco-BRL, Life
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Technologies Inc. (Burlington, ON). DMSO (used for MTT assay, cat. No. 4948) was

obtained from Mallinckrodt Specialty Chemicals Co. (Paris, KT, U.S.A.). Microtitre

plates (96-well, cat. No. 83.1835) were obtained from 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 onto sterile 96-well microtitre plates in 100 puL of
a-MEM/FCS 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 drug solutions were added. After 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
multichannel pipettor. Appropriate volumes of a-MEM/FCS were added to the wells with
cells for a final volume of 200 uL/well. Six replicates were performed at each
concentration of dexrazoxane. Into all 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 from inner wells which contained cells and drug.

DZR cells 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 intervention over the 72 hr period, (ii) media only
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changed after 48 hr, or (iii) media and drug changed after 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 fresh 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, cell survival was measured
by the MTT assay [26,27]. MTT is a yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) which is converted into water-insoluble blue formazan
crystals by mitochondrial cytosolic dehydrogenase whereby the amount of formazan
produced is directly proportional to the number of viable cells. To the wells of each plate
was added 20 pL of 0.25% (w/v) MTT tetrazolium salt prepared in PBS. Plates were then
incubated for 4 hr at 37°C in a humidifed 5% (v/v) CO, atmosphere followed by the
removal of cell culture medium and the addition of 100 uL. 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 nm in the wells. Absorbance was
corrected for non-specific, scattered light by subtracting the absorbance at 650 nm from the

absorbance at 490 nm.
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2.3.3.1.3 Dose-response curves

Data from all cytotoxicity experiments was inputted into SigmaPlot (Jandel Corp.,
San Rafael, CA, U.S.A.) and used to determine the 50% median inhibitory concentration
(ICs0). Prior to graphical representation of dose-response curves outlier absorbances were
removed empirically with statistical relevance using the provided transform file entitled
loutlier.xfm (integral equations not shown). Non-linear, least-squares fitting of the
absorbance-drug concentration data was performed in SigmaPlot using the following three-

or four-parameter logistic equation,
Abssasso= (@a-d)/(1+(x/c)°)+d

where Abs;90s50 is the absorbance at 490 nm minus the absorbance at 650 nm, x is the drug
concentration, ¢ is the median inhibitory concentration (ICso), & is the Hill-type
exponential factor indicative of the rate at which toxicity increases with increasing drug
concentration, a is the estimated maximal absorbance and 4 is the estimated background
absorbance at the highest drug concentration. When the background absorbance is close to
zero d was set equal to 0, thus giving a three-parameter equation. The values of b and ¢
were initially computed from a two-parameter fit after substitution of the a and 4 values.
Subsequently, more accurate values of b and ¢ were determined upon the iteration of a
three- or four-parameter fit equation with the inclusion of the same a and 4 values and the

b and ¢ values computed from the two-parameter fit equation.
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2.3.3.2 Cytotoxicity experiments by cell counting analysis

Colorimetric assays such as MTT are one of the most common methods for
evaluating the effect of drugs on growth and survival of cells in culture. In general, the
MTT assay gives 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 cell lines [28] discrepancies may exist
between the actual number of cells and the level of formazan production. To that effect,
dexrazoxane-mediated cytotoxicity in CHO and DZR cells was evaluated directly by cell
counting, and subsequently compared to results obtained by MTT cytotoxicity analysis.

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 2.5x10* cells/well, and DZR cells at 6.5x10* cells/well followed by a 24 hr
incubation period at 5% (v/v) CO, and 37°C to allow for cell attachment. Next, 0.1 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 mL/well with
oa-MEM/FCS, as outlined previously (Section 2.2.2). Cell concentrations, and then total
number of cells per well in the 3 mL volume were determined from removed sample
aliquots on a model Z¢ Coulter counter using a threshold setting of 7 (140 um aperture
tube, 1/amp. = 2, 1/ap.current = 2, diameter cutoff = 7.7 um) for DZR cells and a threshold
setting of 7 (100 um aperture, 1/amp = 2, 1/ap.curr = 8, diameter cutoff = 8.7 um) for CHO

cells, as explained in Appendix A.2. The median dexrazoxane inhibitory concentration
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(ICso) was determined in the same fashion as before (Section 2.3.3.1.3) from constructed

dose-response curves of the total number of cells/well versus dexrazoxane concentration.

2.34 Results

2.3.4.1 Cytotoxicity of dexrazoxane towards CHO and DZR cells

The individual values of the median inhibitory concentration (ICsp) of each
cytotoxicity Experiment are presented in Table 2.1. [llustrated in Fig. 2.2 and 2.3 are the
cytotoxicity profiles for dexrazoxane towards CHO and DZR cells as determined by either
MTT or cell counting analysis. The corresponding mean inhibitory concentration values of
dexrazoxane on CHO cells was 5.2 + 0.4 uM and 3.5 + 0.1 uM, and on DZR cells was
2236.0 = 172.1 uM and 1648.0 £ 91.9 uM as determined by MTT and cell counting
analysis, respectively. The resistance factor for dexrazoxane in DZR cells as compared to
CHO cells was determined to be 430-fold by MTT analysis, and 471-fold by cell counting
analysis. Daily exposure to dexrazoxane with media replacement gave an ICsq value of 5.0
+ 0.6 uM, and media replacement only at 48 hr produced an ICsy value of 4.8 £ 0.3 uM, as
determined by MTT analysis. Although CHO cells were seeded at the same number of
cells/well in each plate absorbance values were noticably higher in the MTT cytotoxicity
profile for cells exposed daily to dexrazoxane accompanied by media replacement. This
result possibly suggests the maintenance of a heaithy culture with media and nutrients

replacement.
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Fig. 2.2. CHO and DZR cell growth inhibition by dexrazoxane without media
replacement. CHO (O) and DZR (@) cells were incubated for 72 hr in the presence of
dexrazoxane; (a) ICso £ S.E. were 5.2 + 0.4 uM and 2236.0 £ 172.1 uM for CHO and
DZR cell lines, respectively as determined by MTT analysis; (b) ICso + S.E. were 3.5 =
0.1 uM and 1648.0 £ 91.9 uM on CHO and DZR cell lines, respectively as determined
by cell counting analysis on a model Z¢ 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 0 uM
are plotted for convenience with an arbitrary value for the purpose of clarity.
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Fig. 2.3. CHO cell growth inhibition by dexrazoxane with media/drug replacement.
CHO cells were incubated for 72 hr in the presence of dexrazoxane with media and drug
replaced every 24 hr (M), or with only media replaced after 48 hr (O). Growth
inhibition was quantitated by MTT analysis, producing ICso + S.E. values of 5.0 £ 0.6
UM and 4.8 + 0.3 uM for the above media/drug replacement protocols, respectively. The
curves 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
with arbitrary values.
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Table 2.1 Cytotoxicity of dexrazoxane towards CHO and DZR cell lines.

Method of Cell line ICs" S.E. C.V. Resistance
analysis (M) (uM) (%) factor”

MTT assay CHO 5.2 04 6.8
DZR 2236.0 | 172.1 7.7 430
CHO' 5.0 0.6 12.3
CHO? 4.8 0.3 6.9

Cell counting CHO 35 0.1 3.2

analysis® DZR 1648.0 91.9 5.6 471

! CHO cells exposed to dexrazoxane daily with media replacement.
2 CHO cells exposed to dexrazoxane once with media replaced at 48 hr.

? The individual median inhibitory concentrations of dexrazoxane on CHO and DZR cell
lines and their S.E. and % C.V. Cytotoxicity was measured by MTT assay or cell
counting analysis on a model Z¢ Coulter counter after a 72 hr exposure to dexrazoxane.
The ICso is the concentration of dexrazoxane at which cell growth is 50% of the
maximum observed inhibition. These values were obtained by fitting absorbance or cell
number data to three- or four-parameter logistic equations.

> Cell counting analysis using a Coulter counter threshold of 7 (140 pm aperture,
1/amp.= 2, l/ap.current = 2, diameter cutoff = 7.7 um) for DZR cells and threshold of 7
(100 um aperture, 1/amp.= 2, 1/ap.current = 8, diameter cutoff = 8.7 um) for CHO cells

 Resistance factor: the ratio of the median inhibitory concentration of dexrazoxane on
CHO and DZR cells after one exposure.
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24 Effects of dexrazoxane on the proliferation and normal growth of suspension
and adherent cell cultures

24.1 Introduction

In the following section, under similar conditions of dexrazoxane exposure the
characteristics of cell growth, including doubling time and viability were examined in
various cell lines. It was important to investigate how both immortal (CHO and DZR) and
non-immortal (primary heart fibroblasts) cell 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. Furthermore, the conditions established at the conclusion of this
section, with respect to dexrazoxane exposure and nutrience replenishment helped to serve

a fundamental basis for the design of all subsequent experiments.

24.2 Methods

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

In the following experiment CHO cells were exposed separately to 3 different
concentrations of dexrazoxane and allowed 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 glucose levels, as described in Section 2.2.2.
The purpose of this initial experiment was first, to establish an ideal concentration of

dexrazoxane to sufficiently inhibit cell prolifcration and second, determine how often
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media should be replaced in order to maintain the basic necessities for the continuation of
cell growth, if possible.

Cells in exponential growth were harvested and seeded onto 60 individual 35x10
mm tissue culture plates at 1.3x10° 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) CO; and 37°C to allow for cell
attachment. To each set of 18 individual plates was added 0.1 mL of the requisite stock
drug solution to produce final dexrazoxane concentrations of either 5, 20, or 100 uM (total
volume 3.5 mL). Three separate drugging protocols were performed alongside control
cultures to examine the effects of different dexrazoxane treatment periods on cell growth.
In the first protocol, cells were treated once with 5, 20, or 100 uM dexrazoxane at O hr and
were allowed to grow with media replaced aseptically after 48 hr of exposure. In the
second protocol, cells were treated daily with 5, 20, or 100 uM dexrazoxane combined
with media replacement in the same manner as before. And in the third protocol, cells
were treated with 5, 20, or 100 uM 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 mL/plate with a-MEM/FCS, as outlined previously (Section 2.2.2). Cell densities, and
then total number of cells per plate in the 3 mL volume was determined from removed
sample aliquots on a model Z; Coulter counter using a threshold setting of 7 (140 pm
aperture tube, 1/amp. = 2, 1/ap.current = 2, diameter cutoff = 7.7 um), as explained in

Appendix A.2.
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2.4.2.2 Comparing the effects of dexrazoxane on the growth curves and
proliferation rate in CHO, DZR, and rat heart fibroblast cells

As determined in the previous section, inhibition of CHO cell proliferation was
achieved with minimal immediate effect on viability when a dexrazoxane drugging
protocol of twice or daily exposure at 100 uM was combined with media replacement
(Section 2.4.3.1). The growth curves and proliferation rates of these cell lines exposed
under such conditions were examined. In particular, the growth of CHO cells exposed to
dexrazoxane was directly compared to DZR cells, a dexrazoxane-resistant cell line, as well
as to a mortal isolated primary fibroblast cell line from the heart tissue of neonatal rats.
Furthermore, the growth potential of adherent vs. suspension CHO cells cultures exposed
to dexrazoxane was additionally contrasted in light of the context of future experiments.
Finally where applicable, proliferation rates and percent viability of cultures were

examined.

2.4.2.2.1 Growth and exposure of adherent CHO cells to dexrazoxane

CHO cells in exponential growth were harvested and seeded onto 42 individual
35x10 mm tissue culture plates at 1.1x10° 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) CO, and 37°C
to allow for cell attachment. To 24 of the 42 individual plates was added 0.1 mL of a
requisite stock drug solution to produce a final dexrazoxane concentration of 100 uM, and
to the other 18 plates was added 0.1 mL a-MEM/FCS (total volume 3.5 mL). Cells
initially treated with 100 uM of dexrazoxane were subsequently exposed on a daily basis

in a similar manner as before. Specifically, media was gently aspirated off these plates
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followed by the addition of 3.5 mL of relatively fresh media (30:70 conditioned to fresh
a-MEM/FCS), containing 100 uM dexrazoxane. 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 mL/plate with a-MEM/FCS, as outlined
previously (Section 2.2.2). Cell densities, and then total number of cells per plate in the
3 mL volume were determined from removed sample aliquots on a model Z¢ Coulter
counter using a threshold setting of 7 (140 pm aperture tube, 1/amp. = 2, 1/ap.current = 2,

diameter cutoff = 7.7 um), as explained in Appendix A.2.

2.4.2.2.2 Growth and exposure of suspension CHO and DZR cells to dexrazoxane

Exponentially growing adherent CHO and DZR cultures were harvested from
T-flasks and seeded to inital concentrations of 0.25x10° cells/mL into double sidearm
suspension culture spinner flasks. Upon reaching a state of exponential growth in
suspension culture, CHO cells were diluted to starting densities of 0.25x10° cells/mL and
2.25x10° cells/mL in control and dexrazoxane exposed spinner flasks, respectively.
Similarly, DZR cells were diluted to a starting density of 0.25x10° 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 uM (total volume 50-300
mL). On a daily basis following removal of the required number of cells for analysis, the
remaining 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 cell densities

approximately equivalent to that of before centrifugation. In some cases, where indicated
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this was followed by the subsequent re-addition of dexrazoxane administered to the same
concentration of 100 uM, and in the same fashion as before. CHO cells were exposed to
dexrazoxane either at 0, 24 hr or daily, whereas DZR cells were exposed only at 0, 24 hr.

Depletion of nutrients in cultures were followed indirectly by monitoring the
change in glucose levels with the use of a glucometer, 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 growth 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 intervals 1-2 mL aliquots were aseptically removed from each
culture using a sterile Pasteur pipet. Cell viability was assessed as explained earlier in
Section 2.2.2. Cell densities were determined by counting on a model Z¢ Coulter counter
with a threshold setting of 7 (140 um aperture tube, 1/amp. = 2, 1/ap.current = 2, diameter
cutoff = 7.7 um), as explained in Appendix A.2. The validity of these densities were
assessed in a separate trial by comparing to cell counts determined in a hemacytometer
chamber. Final growth curves were corrected for slight changes in cell density with media
replacement so as to maintain continuity. In brief, this normalization was achieved by
multiplying in series by a differing numerical factor (+/-) in which the cell density changed
from its determination after centrifugation and resuspension to the following 24 hr interval,

as explained later in Section 3.2.2.2.1.
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2.4.2.2.3 Growth and exposure of adherent rat heart fibroblast cells to dexrazoxane

Due to their limited 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 onto 35x10 mm tissue culture plates at 2.5x10*
cells/plate for 24 control plates and at 7.5x10* cells/plate for 24 dexrazoxane treated plates,
all brought to 3.4 mL with DMEM/F-12/FCS. This was followed by a 48 hr incubation
period at 5% (v/v) CO; and 37°C to allow for cell attachment. To 24 of the 48 individual
plates was added 0.1 mL of a requisite stock drug solution to produce a final dexrazoxane
concentration of 100 uM, 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 pM 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 all 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 mL/plate with DMEM/F-12/FCS, as outlined
previously (Section 2.2.2). Cell densities, and then total number of cells per plate in the
3 mL volume were determined from removed sample aliquots on a model Z¢ Coulter
counter using a threshold setting of 7 (100 pum aperture tube, 1/amp. = 2, 1/ap.current = 8,
diameter cutoff = 8.7 pum), as explained in Appendix A.2. Viability was assessed as
explained in Section 2.2.2 after a brief centrifugation at 250 g for 5 min in order to obtain

quantifiable cell densities.



2.4.2.2.4 Determination of growth rates and doubling times of cultured cells

In most control unexposed cultures it is a common 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 cell densities above 1 x 10° cells/mL. As explained later in further
detail (Section 3.2.2.2.2) the following single exponential rise equation was used in
SigmaPlot (Jandel Corp., San Rafael, CA, U.S.A.) to empirically calculate the growth rate
and doubling time of the above mentioned cell cultures when conditions of exponential
growth were evident.

C,=C,e™ where, C, = the cell density at time ¢ (cells/mL)
C, = the starting initial seeded cell density (cells/mL)
e = the base of the natural logarithm

x = the growth rate constant (hr )
t = the time at which C, is determined

243 Results

2.43.1 CHO cell growth after exposure to different dexrazoxane drugging
regimens

Initial experiments investigating the effects of various exposures of dexrazoxane on
CHO cell growth are demonstrated in Fig. 2.4. Single, daily, or intermittent exposure of
cells to either 20, or 100 uM of dexrazoxane was able to immediately inhibit further cell
growth, irrespective of the number of dosages and/or the frequency with which media was
replaced (Fig. 2.4b, ¢). These cells were noticably larger in size after 96 hr of exposure.
Exposure of cells to 5 uM of dexrazoxane did not produce an immediate inhibition of cell

growth in any of the drugging regimens examined (Fig. 2.4a). After 96 hr of daily
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exposure to 5 uM dexrazoxane cell numbers appeared to no longer increase, as compared

to the single or intermittment 5 pM drugging regimens.

Deprivation of glucose content levels in all treated cultures were monitored as
displayed in Fig. 2.5. At indicated intervals when media was replaced the new glucose
level of 6.1 mmol/L was not shown for the purpose of clarity and continuity in these plots.
The increase in glucose level from 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 uM dexrazoxane revealed
similar decreasing trends in glucose content when comparing the individual drugging
protocols (Fig. 2.5b and c). As cells gradually became larger in these cultures daily media
replacement was able to sustain the continued depletion of glucose and other nutrients as
the energy demands in these non-dividing cells remained. Glucose content levels

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

exponential cell growth. Overall, these results suggest that 100 uM of dexrazoxane
combined with daily media replacement will best inhibit CHO cell division while
maintaining a consistent level of essential nutrients. Concentrations of dexrazoxane as
such, shown above and previously [29] to be slightly cytotoxic are likely capable of
sufficiently inhibiting the catalytic activity of topoisomerase II in the majority of the cell

population [16] thus producing an immediate inhibition of cell division.




47

[=
[=)
1}

Cell number (10° cells/plate)
Cell number (10* cells/plate)

07— —T 7T
24 0 24 48 T2 9

Time (hr) Time (hr)

| (c)

100

Cell number (10* cells/plate)

10 T T T ¥ T T { v 1
-24 0 24 48 72 96

Time (hr)

Fig. 2.4. The effects of different dexrazoxane concentrations and drugging
protocols on CHO cell growth. CHO cells were seeded onto 35x10 mm plates at initial
concentrations of 1.3x10° cells/plate and treated the following day with (a) 5, (b) 20, or
(c) 100 uM 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 0 hr with media replacement at 48 hr (0J) all alongside non-treated control cells
that were allowed to grow without any media replacement (@). At indicated times, the
total number of cells were determined from duplicate trypsinized plates with the use of a
Coulter counter (threshold of 7, 140 pm aperture, diameter cutoff = 7.7 um) 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 onto
35x10 mm plates at concentrations of 1.3x10° cells/plate were treated the following day
with (a) 5, (b) 20, or (c¢) 100 uM dexrazoxane. Treatment was either daily with media
replacement (O); every other day (at 0, 48 hr) with media replacement at these times (V);
or at 0 hr with media replacement at 48 hr (O) all alongside untreated control cells (@®).
At indicated times glucose content level in the culture media was determined with the use
of a glucometer for each concentration of dexrazoxane. Readings below 1.1 mmol/L
were unmeasurable and consequently assigned an arbitrary value of 0 mmol/L for
plotting purposes. Data represented here is not normalized to media replenished starting
glucose levels of 6.1 mmol/L, so as to maintain a continuous linear trend.
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24.3.2 Growth curves of CHO, DZR, and rat heart fibroblast cells exposed twice
or daily to dexrazoxane

An analysis of the growth of CHO, DZR, and neonatal rat heart fibroblast cells in
the presence of dexrazoxane essentially forms the basis of all other investigations
performed in the remainder of this chapter. In all cases, the conditions of dexrazoxane
treatment involved a dual (0, 24 hr) or daily exposure to 100 uM dexrazoxane with daily
media replacement. It was presumed that a drug exposure for at least twice the cell cycle
time (Table 2.2) would be sufficient to adequately inhibit topoisomerase II within all cells
of the population. In addition, an administration of 100 uM dexrazoxane ensured that the
unhydrolyzed topoisomerase II-inhibitory form 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 continued 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 estimated for cells grown as adherent cultures, 14 hr (Table
2.2). Although such a marginal discrepancy can be attributed to any number of factors
inherent with growth in a suspension spinner flask the fact remains that normal cell 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. In both
cases daily exposure to dexrazoxane resulted in a complete immediate inhibition of cell
division complemented by a noticable increase in cell size and a gradual decrease of cell

numbers. Cell division was inhibited in either drugging regimen in suspension culture of
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dual (0, 24 hr) or daily dexrazoxane exposure (Fig. 2.7a), accompanied by comparable
gradual decreases in cell number. In addition, cell viability diminished in a similar manner
to a level of 82% after 120 hr of growth upon dual or daily exposure (Fig. 2.7b). These
results suggest that although CHO cell division is efficiently inhibited upon two exposures
(0, 24 hr), a daily exposure protocol does not appear to accelerate a decrease in cell number
or viability.

In an effort to attribute the sustained inhibition of CHO cell growth and observable
enlargement of cell 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-half 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 cell 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]. Furthermore, 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 from neonatal rats were chosen for
investigation due to their mortal limited existence. It has been well established that similar
normal, diploid cell lines derived from 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 heart fibroblast cells to dexrazoxane resulted in a complete inhibition of
cell division which was not complemented by any noticable decrease in total cell number.
Although cell viability did decrease in treated cultures with time (Fig. 2.8b), an identical
trend was observed in control cultures. This raises the possibility that other factors besides
dexrazoxane-induced topoisomerase II inhibition may be acting synergistically to cause a
decrease in cell 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. Growth rates and doubling times of cells exposed to dexrazoxane for
various periods of time.

Duration of dexrazoxane exposure K S.E. C.V. t
(hr'') (%) _ (hn)
Unexposed control adherent CHO cells 490E-02 2.55E-03 52 14
Unexposed control suspension CHO cells 422E-02 1.51E-03 3.6 16

Suspension DZR cells exposed at 0, 24 hr
with media replaced at 24, 62, 85 hr
Unexposed control adherent neonatal rat heart
fibroblast cells

4.01E-02 19I1E-03 4.8 17

1.03E-02  3.51E-04 34 68

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



52

g -
=
£
=z
o 100 ~
u -
k=
2
E
=
=
=
O 1
10 ] L ] v f v ] Ld l' v r v l
-24 0 24 48 72 9% 120
Time (hr)

Fig. 2.6. Effects of dexrazoxane on the growth of adherent CHO cells. Following a
24 hr attachment period after seeding onto 35x10 mm plates at 1.1x10° cells/plate cells
were either exposed to 100 uM dexrazoxane daily with media replacement (@), or left
untreated (A). In addition, at indicated time intervals plates were harvested in duplicate
and cell densities were determined with the use of a Coulter counter (threshold of 7, 140
um aperture, diameter cutoff = 7.7 um). 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 cells.
CHO cells were seeded at 2.25x10° cells/mL and treated with 100 puM dexrazoxane daily
with media replacement (Q), or at 0, 24 hr with media replacement daily (). Control
CHO cells were seeded at 0.25x10° cells/mL with media replacement at 36, 60 hr (@®).
DZR cells were seeded at 0.25x10° cells/mL and treated with 100 uM dexrazoxane at 0,
24 hr with media replacement at 24, 62, 85 hr when glucose levels had decreased by half
(A). At indicated times (a) cell densities were determined on a Coulter counter (threshold
of 7, 140 um aperture, diameter cutoff = 7.7 um) followed by normalization; 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 cells. Heart fibroblast cells were seeded onto 35x10 mm plates at 2.5x10*
cells/plate for control cells (@) and at 7.5x10* cells/plate for dexrazoxane exposed cells
(O). Cells were exposed to 100 uM dexrazoxane 49 hr after seeding and at every 24 hr
interval thereafter with media replacement. In addition, media alone was replaced daily
At indicated time intervals, plates were harvested in
duplicate and (a) cell densities and then total cell number were determined with the use
of a Coulter counter (threshold of 7, 100 um aperture, diameter cutoff = 8.7 um); and (b)

in all control unexposed plates.

viability was assessed using a trypan blue dye exclusion analysis.
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2.5 Morphology and morphometry analysis of dexrazoxane-treated cells

2.5.1 Introduction

The number of cells and their sizes are the fundamental basic elements which help
to define the growth of an organism, its organs, and/or a cell population. The
determination of cell number and size assists in the analysis of pathological changes which
may 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 reagent administration. Essentially, cell sizing data can
play a vital role in many single or multiparameter systems in which different cellular
features including cell volume, DNA content, or even immunological surface features can
be determined simultaneously [32].

In the following section, the profile-size distributions of various cell types
including CHO, DZR, and heart fibroblast cells were followed by one of two methods after
exposure to dexrazoxane. In the first method cells were sized electrically in a flowing
system through a Coulter counter. As explained in further 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 stereology. The two-dimensional profile area of cells were
determined from photographic images in an attempt to empirically calculate their

respective individual, and mean profile volume and diameter values. And finally, the
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morphology of dexrazoxane-treated cells was initially examined from these photographic

images as a prelude to further investigation.

2.5.2 Materials

Isoton II Coulter balanced electrolyte solution (cat. No. PN 8546719) was obtained

from Beckman Coulter Inc. (Burlington, ON).

2.5.3 Methods

25.3.1 Drug treatment

CHO and DZR cells were grown as suspension cultures in double sidearm
suspension spinner flasks seeded initially at 2.25x10° cells/fmL and 0.25x10° cells/mL
respectively. Both cell types were seeded from control suspension cultures, and treated
with 100 uM dexrazoxane at 0, 24 hr as described explicitly in Section 2.4.2.2.2. Media
was replaced daily in dexrazoxane-treated CHO cell cultures, and at 24, 62, and 85 hr in
dexrazoxane-treated DZR cell cultures. Cells were aseptically removed, centrifuged at
250 g for 12 min, and resuspended in an appropriate volume of ~80% fresh a-MEM/FCS
in an attempt to maintain cell densities approximately equivalent to that of before
centrifugation. Cell densities were determined by counting on a model Z¢ Coulter counter

with a 140 um aperture, threshold setting of 7 (1/amp = 2, 1/ap.current = 2, diameter cutoff

= 7.7 um).
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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 2.5x10* cells/plate followed by daily replacement
of media with ~80% fresh DMEM/F-12/FCS. All other plates were seeded at 7.5x10*
cells/plate and exposed daily to 100 pM 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 mL/plate with
DMEM/F-12/FCS. Cell densities were determined by counting on a model Z¢ Coulter

counter with a 100 um aperture, threshold setting of 7 (1/amp = 2, 1/ap.current = 8,

diameter cutoff = 8.7 pum).

2.5.3.2 Cell sizing and quantitation by use of a Coulter counter

The first method utlized to follow changes in cell size distributions after
dexrazoxane exposure was by collecting and analyzing cell number data from a model Zs
Coulter counter using a 140 pym 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 3:50 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 from 0-100, increasing by 4 divisions with each counting
determination. Counting was performed in replicate (x2) through a series of different
amperage and aperture current settings, chosen so as to cover the entire cell size
distribution profile. Subsequently, the number of cells falling within set threshold ranges

was determined, followed by the normalization of cell counts to a single amperage and
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aperture current setting so as to account for the various volume intervals used (see
Appendix A.4.2.3). Finally, these cell counts were expressed as a function of cell volume
and/or diameter in the form of frequency distribution histograms. Estimations of mean cell
volume (MCV) and mean cell diameter (MCD) were made only for those distributions
which appeared Gaussian-like (see Appendix A.4.2.4).

For reasons of clarity, cell counts of distribution peaks were subsequently
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
norrmalized to the equivalent peak height of the control distribution. Profiles of 48-120 hr
dexrazoxane-treated CHO cells were normalized such that cell counts became half that of

the corresponding peak volume interval in the control profile.

2.5.3.3 Cell sizing and morphology analysis from photographic images

The second method used to obtain profile-size distributions of dexrazoxane-treated
cell 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 from measurements made on
two-dimensional images using computer 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 cell volume (MCV) and mean cell diameter (MCD).
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After indicated periods of dexrazoxane exposure 1 mL aliquots were aseptically
removed directly from suspension cultures, or upon trypsinization in the case of adherent
cultures. Samples were then diluted 1:1 with 0.6% (w/v) trypan blue dye and concomitant
with the assessment of cell viability and morphology photographic images were taken
under a 10X or 40X objective lens using a Nikon camera with Kodak 400 colour 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 cell images was due to the
operational constraints of the computer software program SigmaScan (Jandel Corp., San
Rafael, CA, U.S.A.) used to determine their two-dimensional profile area. Structural
parameters could not be adequately determined over the entire surface area of individual
two-dimensional cells if the brightness/contrast inside the cells were at all similar to their
surroundings.

All blackened, photocopied cell images were then scanned using a Hewlett Packard
ScanJet 5p and saved as bitmap images. Using SigmaScan, a 2-point calibration of a
known 50 um distance was performed from 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
SigmaScan. The profile area of between 250-500 cells in units of um’ was then
determined empirically upon their manual selection and placed automatically into a
worksheet column. Assuming a spherical model for all analyzed cells, cell profile
diameter (d) and consequently cell profile volume (V) were then calculated from the

measurements of profile area (A) using the following equations:
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A=nr where r = radius

~r=VA/n

and sinced = 2r

~d=2VA/n

V=4/3nr and once diameter (d) is known, then

S V=431 (d?2)

As shown in Table 2.3 for control CHO cells, all calculated measurements for each
individual cell were sorted into numerical order. Next, using a volume-class size of 100
um’, the number of cells possessing volume determinations within each volume class was
counted, i.e. 0-100, 100-200, 200-300 um’, etc. The value of the midpoint of a given class
was used as the volume value for that class. Distributions were subsequently plotted as
histograms of the number of cells per volume-class size of 100 um® after normalization to
500 total cells counted. Overall, the number of size classes ranged from 100-70000 um’.
Mean cell volume (MCV) and diameter (MCD) were calculated simply by averaging
together all of the collected profile data before sorting into volume-class divisions (see

Table 2.3).
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Table 2.3. Morphometric sizing of control CHO cells from 2-D photographic images.

Area | Sorted Sorted Sorted Volume Plotted Equivalent #icells Normalized
of Area Diameter Volume Class Volume Plotted Within Each to 500
2-D | (um?) (um) (um?) (um?) Class Diameter Volume total
Cells Midpoint Midpoint Class #cells
(um®) (um)
166.4 | 96.1 111 708.6 700 750 11.3 2 4
193.2| 1029 114 785.4 800 850 11.8 2 4
141.2 | 106.6 11.7 827.8 900 950 12.2 1 2
168.0 | 110.8 11.9 877.3 1000 1050 12.6 8 15
187.9| 120.2 124 991.9 1100 1150 13.0 16 30
173.2 ) 121.3 124 1004.9 1200 1250 134 16 30
2000 1218 125 10114 1300 1350 13.7 16 30
168.0 | 122.8 125 1024.5 1400 1450 140 20 38
130.7 | 124.9 12.6 1050.9 1500 1550 144 19 36
1438 | 126.0 12.7 1064.2 1600 1650 147 25 47
172.7 | 126.5 12.7 1070.9 1700 1750 15.0 20 38
156.4 | 127.0 127 1077.5 1800 1850 15.2 27 51
1444 | 127.6 12.7 1084.2 1900 1950 15.5 20 38
181.1} 129.1 12.8 1104.4 2000 2050 15.8 20 38
2005 129.7 12.9 11111 2100 2150 16.0 14 26
171.1 ] 130.2 129 1117.9 2200 2250 16.3 16 30
1948 | 130.7 129 1124.6 2300 2350 16.5 6 11
165.4 | 131.2 129 11314 2400 2450 16.7 6 11
150.1 | 131.2 129 11314 2500 2550 17.0 2 4
170.1] 1328 13.0 1151.8 2600 2650 17.2 2 4
2026 | 1328 13.0 1151.8 2700 2750 174 2 4
181.1 | 133.3 13.0 1158.7 2800 2850 176 1 2
208.9| 1333 13.0 1158.7 2900 2950 178 0 o
166.4 | 133.3 13.0 1158.7 3000 3050 18.0 1 2
190.0 | 1339 13.1 1165.5 3100 3150 18.2 1 2
182.7 | 1349 13.1 1179.3 3200 3250 18.4 1 2
' ' ) ) 3300 3350 18.6 0 0
' ) ! ' 3400 3450 18.8 0 0
! ) ) ! 3500 3550 18.9 0 0
' ! ' ) 3600 3650 19.1 0 0
110.8 | 227.8 17.0 2587.9 3700 3750 19.3 0 0
106.6 | 230.5 17.1 2632.7 3800 3850 194 0 (0]
161.7 | 232.6 17.2 2668.8 3900 3950 19.6 0 0
227.8 | 237.3 174 2750.5 4000 4050 19.8 0 0
169.6 | 239.4 17.5 2787.1 4100 4150 19.9 0 0
193.2 | 2415 175 28239 4200 4250 20.1 0 0
168.0 | 252.0 17.9 3010.0 4300 4350 20.3 0 0
169.0 | 259.9 18.2 3152.2 4400 4450 204 0 0
137.51 264.1 18.3 3228.9 4500 4550 20.6 0 0
162.7 | 338.6 20.8 4688.6 4600 4650 20.7 1 2
Mean: 148 um 1752.6 um® Total #celis: 265 500

S.E.

0.1

28.7
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254 Results

After 120 hr of dexrazoxane exposure CHO cells were clearly larger in size and
exhibited various shapes and morphologies (Fig. 2.9b) which differed from 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 cell swelling might not exclusively account for their enlargement, and thus
prompted further investigation. A 1500-fold dexrazoxane-resistant CHO derived cell line
known as DZR [22] served 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.
2.9c and 2.9d). Neonatal rat heart fibroblast cells were initially variable in shape and size
within the control population (Fig. 2.9¢). This was perhaps due to the heterogenity of the
population, a direct result of their isolation from 2-day old neonatal rats. After 300 hr of
dexrazoxane exposure some heart fibroblasts cells were found to appear slightly larger in
size while others remained unchanged (Fig. 2.9f). 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 er al. [31] have
attributed such a development of irregular morphologies and cell enlargement of fibroblast
cells derived from normal rat tissue to be the result of an in vitro senescence or a functional
decline.

In order to fully characterize any increase in size, particularly with respect to CHO
cells, quantitation of cell sizes was carried out by one of two methods. Frequency size

distribution histograms were generated either from collected electronic sizing data using a
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Coulter counter or from morphometric 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 analysis were no longer
Gaussian-like and began to exhibit a decay-like pattern at low diameter values (Fig. 2.10a).
As a result, mean cell volume and diameter quantitations could not be accurately resolved
from such distributions. This is a common drawback of Coulter counter sizing analysis.
As noted here and by others [34], Window Counts can become erroneous and
exponentially increase logarithmically as cell size decreases, particularly within the range
of 0-900 um>.

The largest recorded CHO cell size using a Coulter counter was 45000 um? (a 44
pm diameter) after 120 hr of dexrazoxane exposure. This corresponded to a 31-fold
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 ;,un3 in
volume (or 52 um in diameter) images after an identical length of dexrazoxane exposure.
This corresponded 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. 2.10b), concomitant with a 9-fold increase in
MCYV (Table 2.4). Unlike during 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 < 0.001)
was identified between the duration of dexrazoxane exposure and the increase in mean

CHO cell volume (Fig. 2.13a).



64

In agreement with an unaltered cell morphologies, the size distribution profiles of
dexrazoxane-treated DZR cells remained normal-like and unchanged from that of control
distributions (Fig. 2.11). The mean cell volume of control DZR cells was found to be 1520
pm’ by imaging sizing analysis and 1392 um?® by Coulter counter analysis (Table 2.4). By
comparison, the corresponding mean cell diameter values were 14.1 um and 13.9 um,
respectively. Although MCV values fluctuated slightly, no significant relationship was
identified between MCYV and the duration of dexrazoxane exposure (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 fibroblast cells the size distribution profile of dexrazoxane-treated cells appeared to
shift only slightly to higher values with some initial unpronounced broadening. The
largest recorded heart fibroblast cell size after 300 hr of dexrazoxane exposure was 22400
pm’ (a 35 um 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 1.8-fold after 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-significant by statistical linear regression analysis (Fig. 2.13c¢).



Fig. 2.9. Bright-field photomicrographs of dexrazoxane-treated cells in suspension
stained with trypan blue dye. Cells were photographed after staining with 0.6% (w/v)
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 uM dexrazoxane
at 0, 24 hr with daily media replacement. Heart fibroblast cells were grown as attached
cultures treated with 100 uM 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 cells. (D) DZR cells exposed
to dexrazoxane for 96 hr exhibited no observable changes in cell 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 um) in left panels is the same for each pair of photographs.
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Fig. 2.10. Size distribution histograms of dexrazoxane-treated CHO cells. CHO
cells were grown as a suspension culture at 2.25x10° cells/mL and exposed to 100 uM
dexrazoxane at 0, 24 hr with daily media replacement. (a) Electronic Coulter counter
sizing using a 140 um aperture tube. For clarity peak cell counts were normalized to the
undrugged control. (b) Morphometry analysis of 2-D cell images. Counted cells were
distributed into classes of volume (100 pum?’ in size) followed by normalization to 500
cells total. Distributions are expressed relative to volume measurements on a logarithmic
scale (bottom x-axis) with approximate corresponding diameter values on a non-linear
scale (fop x-axis). The data obtained at 72, and 96 hr were not plotted for clarity.
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Fig. 2.11. Size distribution histograms of dexrazoxane-treated DZR cells. DZR cells
were grown as a suspension culture seeded at 0.25x10° cells/mL and exposed to 100 uM
dexrazoxane at 0, 24 hr with daily media replacement. (a) Electronic Coulter counter
sizing using a 140 um aperture tube. For clarity peak cell counts were normalized to the
undrugged control. (b) Morphometry analysis of 2-D cell images. Counted cells were
distributed into classes of volume (100 pum’ in size) followed by normalization to 500
cells total. Distributions are expressed relative to volume measurements on a logarithmic
scale (bottom x-axis) with approximate corresponding diameter values on a non-linear
scale (top x-axis). The data obtained at 12, and 24 hr were not plotted for clarity.
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Fig. 2.12. Size distribution histogram of dexrazoxane-treated heart fibroblast cells.
Isolated neonatal rat heart fibroblast cells were grown in DMEM/F-12/FCS on 35x10
mm tissue culture plates, seeded at 7.5x10* cells/plate. Cells were exposed to 100 uM
dexrazoxane daily, with media replacement. Frequency size distributions were generated
by morphometry analysis of 2-D cell images upon harvesting. Counted cells were
distributed into classes of volume (100 um® in size) followed by normalization to 500
cells total. Distributions are expressed relative to volume measurements on a logarithmic
scale (bottom x-axis) with approximate corresponding diameter values on a non-linear
scale (fop x-axis). The data obtained at 24, 72, 96, 120, 196, 250 hr were not plotted for
clarity.
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Table 2.4. Mean cell volume (MCYV) and diameter (MCD) of dexrazoxane-treated
cells, as estimated by separate quantitation procedures.

2-D morphometry analysis Coulter counter
using Sigma Scan analysis
Cell Length of MCV S.E. MCD S.E. Factor of MCV MCD
Line exposure (um?) (um) MCV (um?) (um)
(hr) increase
CHO 0 1752.6 28.7 14.8 0.1 1.0 1465.2 14.1
12 2809.7 549 171 0.1 1.6 - -
24 3364.2 77.5 18.1 0.1 1.9 - -
48 63174 2125 219 0.3 36 - -
72 91939 3838 239 0.4 5.2 - -
96 12323.1 4790 26.3 04 7.0 - -
120 15845.3 762.3 28.7 0.5 9.0 - -
DZR 0 1520.0 20.9 14.1 0.1 1.0 1392.2 139
12 1705.6 41.8 14.6 0.1 1.1 - -
24 1356.9 24.3 135 0.1 0.9 - -
48 1729.1 30.0 146 0.1 1.1 1330.2 136
72 1583.8 328 14.2 0.1 1.0 1328.4 13.6
96 1403.4 26.2 137 0.1 0.9 1287.5 13.5
Heart 0 1130.2 68.9 1.9 0.2 1.0 - -
Fibroblasts 24 1234.7 324 129 0.1 1.1 - -
48 1194.1 35.5 12.7 0.1 1.1 - -
72 1817.5 62.0 144 0.2 1.6 - -
96 2648.7 108.0 16.4 0.2 23 - -
120 1966.1 793 146 0.2 1.7 - -
144 21347 141.3 145 0.2 1.9 - -
196 2050.0 99.8 14.0 0.2 1.8 - -
250 1877.3 107.7 135 0.2 1.7 - -
300 2061.2 1357 140 0.2 1.8 - -
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Fig. 2.13. Linear regression analysis of mean cell volume and the duration o
dexrazoxane exposure in various cell types. Mean cell volumes determined from
morphometry 2-D image analysis of dexrazoxane-treated (a) CHO, (b) DZR, and (c)
heart fibroblast cells were plotted vs. the duration of dexrazoxane exposure. As
demonstrated by statistical linear regression analysis a highly significant relationship
(p<0.001) was identified in CHO cells only.
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2.6 Effect 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 cell size (Section 2.5.3). Initially,
before more extensive studies were conducted it was important to determine quantitatively
whether cell enlargement was accompanied by an increase of various cellular constituents.
To that effect the mean content level of protein and DNA in dexrazoxane-treated CHO
cells was measured over an extended period of time. As explained 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 cell volume was examined.

2.6.2 Materials

Lauryl sulfate (SDS, cat. No. L-4390), bovine serum albumin (BSA, cat. No. A-
3350), bisBenzimide (Hoechst 33258, M,, = 533.9 g/mol, cat. No. B-2883), and Coomassie
brilliant blue G-250 (cat. No. B-0770) were obtained from Sigma Chemical Co. (St. Louis,
MO, U.S.A.). Calf thymus DNA (cat. No. 2618) was obtained from Calbiochem Corp. (La
Jolla, CA, U.S.A.). Dulbecco’s Phosphate buffered saline (PBS, cat. No. D-5652) was
obtained from Gibco-BRL, Life Technologies Inc. (Burlington, ON). Sodium chloride

(NaCl, cat. No. AC-8304) was obtained from Anachemia Ltd. (Toronto, ON). Sodium
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citrate (cat. No. C-614), o-phosphoric acid 85% (cat. No. A242P-500), fluorometric
disposable cuvettes (cat. No. 14-386-20) were obtained from Fisher Scientific (Fairlawn,
NJ, U.S.A.). Ethyl alcohol anhydrous (ethanol, 100%, cat. No. UN 1170) was obtained

from Commercial Alcohols Inc. (Toronto, ON).

2.6.3 Methods

2.6.3.1 Preparation of reagents

1% (w/v) SDS: Prepared by dissolving 0.1 g of lauryl sulfate (SDS) in 10 ml ddH-O.

0.15 mM bisBenzimide (Hoechst 33258) dye: Prepared by completely dissolving Hoechst

33258 (M,, = 533.9 g/mol) in ddH-O, stored at 4°C in a foil wrapped amber bottle.

SSC solution: This solution contained 0.015 M sodium citrate (M,, = 294.10 g/mol),

0.154 M NaCl (M., = 58.44 g/mol), adjusted to pH 7.0 and stored at room temperature.

Standard calf thymus DNA stock solution (I ug/uL): This solution was prepared by

dissolving calf thymus DNA into SSC solution using high intensity sonication.

Standard calf thymus DNA working solution: This solution contained 0.05 pug/puL of calf
thymus DNA made by diluting calf thymus DNA stock solution (1 pg/uL) 1:20 in SSC

solution.
1 M NaCl stock solution: Prepared by dissolving sodium chloride in ddH,O.

Standard BSA protein stock solution (200 ug/mL): Prepared by dissolving bovine serum

albumin (BSA) in 0.15 M NaCl.
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Coomassie brilliant blue solution (0.01% w/v): A 500 mL solution was prepared by
completely dissolving 0.05 mg Coomassie brilliant blue G-250 in 25 mL of 95% ethanol.
This was followed by the addition of 50 mL of o-phosphoric acid 85%, 425 mL ddH:0,

and filtering through Whatman No. 1 filter paper, stored at 4°C in an amber bottle.

2.6.3.2 Drug treatment

CHO and DZR cells were grown as suspension cultures in double sidearm
suspension spinner flasks. Protein and DNA content levels were quantified from the same
cell cultures in which growth curves were analyzed concurrently (Section 2.4.2.2.2). Both
cell types were seeded from control suspension cultures, and treated with 100 uM
dexrazoxane at 0, 24 hr with daily replacement of media, as explained explicitly in Section
2.4.2.22. Media was replaced in the control 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 cell densities. Cell densities were determined by counting on a model Z¢ Coulter

counter with a threshold setting of 7 (140 pm aperture, 1/amp = 2, l/ap.current = 2,

diameter cutoff = 7.7 um).

2.6.3.3 Preparation of cell samples

After each 24 hr period of growth 1x10° cells were aseptically removed in replicate
(x4), placed into 15 mL conical sterile centrifuge tubes, brought to 10 mL with PBS, and

centrifuged 18 min at 150 g. Next, the supernatants were carefully removed to
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approximately the 50 uL. mark using a beveled Pasteur pipet. The cell pellet was then
dispersed, but not resuspended by the addition of 10 mL PBS, followed by another
centrifugation at 150 g for 18 min. Afterwards, the cell 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 ul. was removed, placed into a microcentrifuge tube,
centrifuged at 150 g for 10 min, and followed with the careful removal of 550 pl of the
supernatant. Cell pellets were left in the remaining 50 pL of PBS and stored at —4°C until
assayed. The actual number of cells in this 600 uL volume, and consequently in the cell
pellet was calculated empirically from a separately removed sample of 300 uL using a

model Z¢ Coulter counter (see Appendix A.2.3).

2.6.3.4 Lyzing of cell pellets

Prepared cell samples in 50 uL PBS were thawed briefly 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 cell pellet without creating many soap bubbles. Samples were
then placed back in the 37°C incubator for 45 min with periodic inversion. Afterwards

sample volumes were brought to 500 uL with PBS.
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2.6.3.5 Fluorometric determination of DNA content

2.6.3.5.1 Measuring DNA content from prepared samples

For each determination of DNA content 75 uL of cell lysate was placed into a
polystyrene fluorometric cuvette followed by the addition of SSC solution to a total
volume of 2990 uL. To avoid assay interference the final SDS concentration in 3000 uL

was kept below 0.01% (w/v).

ie. 1%SDS x 20 ulL x _75ul lysateassayed = 0.001% SDS
500 pL total lysate vol. 3000 pL total assay vol.

Cell lysate volumes around 75 pL were used to obtain reasonable fluorescence
measurements in all 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. Sample cuvettes were
mixed in turn several times using a plastic plunger. This was followed by the
determination of a blank fluorescence on a Shimadzu RF5000U spectrophoto-fluorometer
(Shimadzu Scientific Instruments Inc., Columbia, MD, U.S.A.) tuned to excitation and

emission wavelengths of 360 nm and 450 nm, respectively. Next, 10 puL 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 same manner as before, and then determining 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 from the ‘sample fluorescence’.
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2.6.3.5.2 Constructing a DNA standard curve

DNA standards were prepared from a calf thymus DNA working solution of 0.05
ug/uL calf thymus DNA in SSC solution. SDS concentration was adjusted to an
equivalent concentration as in the measured cell lysate samples as outlined in Table 2.5 by
the addition of a small volume of dilute SDS.
iiee. 13ul x 0231%SDS = 0.001% (w/v) SDS

3000 uL

Each DNA standard was prepared to a volume of 2990 uL followed by a blank
fluorescence determination, and then an ‘actual fluorescence’ determination upon the
addition of 10 uL 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 displayed data was accomplished using
SigmaPlot (Jandel Corp., San Rafael, CA, U.S.A.) so as to determine the values of the

slope (m), and the y-axis intercept point (b).
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Table 2.5. Preparation and measurement of calf thymus DNA standards.

Armtof Amntof Amt  Blarks  Fluor.ater Cor.Fiuor. Mean S.E CV.%| Final Absolute

005ug/ul 0.231% of SSC Readings 10mn  #1  # Fluor. SDS amtof

caftymus SDS solstion #1 #2 #1  #2 conrc. DNA
DNA (W) (u) (%) (10)
(ub)
0 13 2077 29 34 119 127 90 93 92 0.5 232| 0001 000
2 13 2975 52 54 165 162 113 108 111 025 320| 0001 0.10
5 13 2972 61 65 224 218 163 153 158 050 448| 0001 025
10 13 2967 92 84 319 321 227 237 232 050 305| 0001 050
20 13 2957 105 103 477 491 372 388 380 080 298| 0001 1.00
25 13 2952 102 109 565 577 463 468 466 025 076) 0001 1.25
30 13 2947 106 85 659 641 553 556 555 0.15 0.38| 0001 150
35 13 2942 83 76 731 729 648 653 651 025 054| 0001 1.75
40 13 2937 93 88 809 812 716 724 720 040 079) 0001 200
45 13 2932 76 77 894 877 818 800 809 090 157 | 0001 225

Fig. 2.14. DNA standard curve of calf thymus DNA concentration vs. relative
fluorescence after reaction with Hoescht 33258.
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2.6.3.5.3 Calculating mean DNA content in samples using the standard curve

Using the data obtained from 75 pL of cell lysate sample replicate #1 of O hr
control CHO cells as an example, the amount of DNA per million cells was calculated, and

outlined inTable 2.6 as follows:

Since, y = mx +b where x is the amount of DNA in the 75 pL cell lysate,
y is the corrected fluorescence value of this replicate,
and from Fig. 2.14: m =39.039 and b = 6.072

x = y-b = 624-6.072 = 1.44 ugof DNA
m 39.039

Then, the amount of DNA in the total cell lysate volume was determined by:

1.44 ug x total cell lysate vol = 1l44ug x 500pL
vol. of cell lysate assayed 75 uL

Finally, the amount of DNA per million cells was determined by dividing this value
by the number of cells in the sample prior 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 uL volume prior to centrifugation and the removal of supematant, which left a

50 uL cell pellet that was subsequently lyzed and brought to 500 pL with PBS (Section

2.6.3.3).
Overall then,
Amountof DNA = y—b x total cell lysate vol. X 1x10°
in replicate #1 m vol. of cell lysate assayed #cells lyzed
= 62.4-6.072 x 500pL x 1x10°
39.039 75 uL 8.07x10° cells

= 11.9 pg DNA/10° cells
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Total DNA content was determined as follows, using control 0 hr CHO cells as an example

by multiplying the mean DNA content per million cells by the cell density value at that

time interval (Table 2.6).

i.e. Total DNA content
after O hr exposure

= mean DNA content of all 4 replicates x cell density at O hr

12.5 pg/10°cells x 2.58x10° cells/mL

= _125ug  x 2.58x10*cells
1x10° cells 1 mL
= 0.3 pg/mL

Table 2.6. Determination of mean and total DNA content.

Rep. Blank Fluor. Corr.  DNA Amntof #cells/ DNA Mean SE. Total# Total SE.
No. Fluor. Fluor. from lysate 600ul content DNA cells/ml  DNA
Std.  used (ug/10° content inflask content
Curve (ul) cells) (ug/10° (ng/mi)
cells)
1 90 714 624 14 75 B807EH05 119 125 04 258E+04 0.3 0.0
2 58 672 614 142 75 789EH05 120
3 46 641 595 137 75 6.77E+05 135
4 39 657 618 143 75 751E+05 127

2.6.3.6 Quantitation of protein content using a modified Bradford assay

2.6.3.6.1 Preparation of samples for protein content assessment

Cell lysate samples were prepared for protein analysis as outlined in the following

section so as to obtain measurable protein concentrations between 2-8 pug/mL, the linear

range of the BSA protein standard curve. To that extent various quantities of each cell

lysate sample were on occassion assayed at once using the same standard curve in order to

obtain protein concentration values within this valid range. Consequently, all analyzed
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obtain protein concentration values within this valid range. Consequently, all analyzed
samples and BSA standards were adjusted to equivalent final SDS and NaCl
concentrations of 0.001% (w/v) 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 uL of cell lysates were prepared in microcentrifuge tubes to 200
uL as outlined in Table 2.7 by the addition of various amounts of 0.1% SDS and 0.15,

0.375, and 1 M NaCl. This was followed by the addition of 800 uL of 0.01% (w/v)

Coomassie brilliant blue dye to a volume of 1000 L.

SDS was adjusted to a final concentration of 0.001% (w/v in 1000 uL total volume)

as follows, using 1000 uL prepared samples containing 15 pL of cell lysate as an example:

i.e. Prior to adjustment the final SDS concentration was:
1% SDS x 20 uL X 15 uL lysateassayed = 0.0006% SDS
500 pL total lysate vol. 1000 uL total assay vol.
This was followed by the addition of 0.1% SDS such that,
0.1% SDS x 4 ul = 0.0004% SDS
1000 uL total assay vol.
overall the final SDS concentration was: 0.001% SDS

NaCl concentration was adjusted to a final concentration of 0.105 M in prepared
samples of a total volume 1000 uL containing 15 puL of ceil lysate so as to maintain

equivalence with BSA standards (Section 2.6.3.6.2).

i.e. OMNaCl x 15 uL lysate assayed = 0 M NacCl
1000 pL total assay vol.
0.1SMNaCl «x 85 uL = (.01275 M NaCl

1000 pL total assay vol.
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IMNaCl x 90 ul 0.09 M NaCl

1000 uL total assay vol.

overall the final NaCl concentration was: 0.105 M NaCl

Table 2.7. Outline of sample preparation used prior to protein content quantitation.

Volume Amntof Amntof Amntof  Amnt of Amnt of Final SDS Final
of cell 0.15M 0.375M 0.1% SDS 1M Coomassie conc. NaCl/
lysate NaCl NaCl (uL) NaCl Dye (%) conc.

(uLl) (ul) (uL) (uL) (ut) (M)
5 95 2 8 90 800 0.001 0.105
10 90 4 6 20 800 0.001 0.105
15 85 6 4 90 800 0.001 0.105
20 80 8 2 90 800 0.001 0.105
25 75 10 0 90 800 0.001 0.105

2.6.3.6.2 Preparation of BSA protein standards

BSA protein standards ranging from 0-16 pg/mL were prepared to a volume of
1000 pL with the addition of 800 uL. of Coomassie dye, as shown in Table 2.8. Final
concentrations of SDS and NaCl equivalent to the prepared cell lysate samples were

maintained in the same manner as before.

SDS was adjusted by the addition of 0.1% (w/v) SDS.

i.e. 0.1% SDS x 10 uL = 0.001% SDS
1000 pL total assay vol.

overall the final SDS concentration was: 0.001% SDS
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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 ug/mL).

i.e. 0.15 M NaCl
0.15 M NaCl

I M NaCl

overall the final NaCl concentration was:

X

X

S ul. BSA

1000 puL total assay vol.

95 ul

1000 uL total assay vol.

90 uLL

1000 uL total assay vol.

0.00075 M NaCl

0.01425 M NaCl

0.09 M NaCl

0.105 M NaCl

Finally, a blank sample was prepared containing 0.001% SDS, 0.105 M NaCl and

800 uL of ddH,O in instead of Coomassie dye. The mean abosrbance value of the blank

measurements was subsequently subtracted from the absorbance values of all quantified

samples.

Table 2.8. Preparation of BSA protein standards prior to quantitative assessment.

Std. Amnt of Amnt of Amntof Amntof Amnt of Final SDS Final Final  Absolute
# 0.15M 200 ug/mL 0.1% SDS 1™ Coomassie cone. NaCl BSA amnt of
NaCi BSAin (ut) NaCl Dye (%) conc.  conc. BSA
(uL) 0.15M (uL) (uL) M) (ug/mlL) (ng)
NaCl
(uL)
1 100 0 10 90 800 0.001 0.105 0 0
2 95 5 10 80 800 0.001 0.105 1 1
3 a0 10 10 90 800 0.001 0.105 2 2
4 85 15 10 90 800 0.001 0.105 3 3
5 80 20 10 90 800 0.001 0.105 4 4
6 75 25 10 90 800 0.001 0.105 5 5
7 60 40 10 90 800 0.001 0.105 8 8
8 40 60 10 90 800 0.001 0.105 12 12
9 20 80 10 90 800 0.001 0.105 16 16
Blank 100 0 10 90 800 pul ddH,0 0.001 0.105 0
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2.6.3.6.3 Spectrophotometric determination of protein content on a microplate reader

Prepared cell lysate samples were briefly vortexed followed by loading in replicate
(3-4x) into specified wells of a 96-well microtitre plate. Using an electronic repeat pipettor
200 pL/well was loaded from prepared 1000 uL samples. Absorbances at 589 nm were
then immediately measured and recorded using a Thermomax 96-well plate reader
(Molecular Devices, Menlo Park, CA, U.S.A.), and a standard curve, fit to a quadratic

equation was automatically constructed (Fig. 2.15).

Fig. 2.15. BSA protein concentration vs. absorbance at 589 nm after reaction with
Coomassie brilliant blue dye.
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2.6.3.6.4 Calculating corrected absolute protein content from microplate reader data

The amount of protein in the original cell lysate sample was determined as follows,
based on the raw data output from the Thermomax 96-well plate reader (Table 2.9). The

final protein concentration was determined using the data collected from one set of
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replicate determinations from a single assayed cell lysate volume. Only those samples
which yielded a mean protein concentration value within the linear range of 2-8 ug/mL on
the BSA standard curve (Fig. 2.15) were used. With the data obtained from replicate #1 of
0 hr control unexposed CHO cells as an example, the amount of protein per million cells
was calculated as follows.

First, the mean protein concentration of 4 separate 200 uL/well determinations
from cell lysate sample #1 was determined to be 4.095 ug/mL from the BSA protein
standard curve (Table 2.9). Although this value of 4.095 pg is not representative of the
amount of protein in the measured 200 uL aliquot it is representative of the amount of
protein in the original 1 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
pug/mL rather than pg in the 200 uL aliquot. The units of the x-axis (Fig. 2.15) can be

made representative in terms of the measured 200 uL aliquot by dividing by 5.

i.e. The amount of proteinin =  4.095 pg/mL X 200 L
200 pL aliquot
= 4.095 ug X 200 uL
1000 uL
=  0.819 pg

However, this calculation would be followed by a multiplication by $§ in
determining the abolute amount of protein that contained within the original 1 mL sample

volume prior to dispensing.

i.e. Amountofproteininthe = 0819ug x 1000 uL
1 mL prepared sample 200 uL

I
>
3
v

=
1]
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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 pug/mL or pg. Next, the

corresponding amount of protein in the total cell lysate volume was determined as follows.

i.e. Amount of protein in Amount of proteinin  x total cell lysate vol
original cell lysate prepared 1 mL sample vol. of cell lysate assayed
from standard curve
= 4.095 ug x S00uL
IS uL

= 136.50 ug

The amount of protein per million cells was determined by dividing this value by
the number of cells in the sample prior to lyzing, and multiplying by a factor of 1x10°.
The number of cells lyzed was approximately equivalent to the number of cells in the 600

uL volume prior to centrifugation and the removal of supematant, which left a 50 uL cell

pellet that was subsequently lyzed and brought to 500 uL with PBS (Section 2.6.3.3).

Overall then,
Amount of protein = Amount of protein x total cell lysate vol. X 1x10°
in replicate #1 in prepared 1 mL vol. of cell lysate assayed #cells lyzed
sample from
standard curve
=4095ug x S00puL x 1x10°

15 uL 8.07x10° cells
169.2 ug protein/1 0° 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 cell density at that time

interval (Table 2.9).
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i.e. Total protein content = mean protein content x cell density at O hr
after O hr exposure from all 4 replicates
= 176.4 ug/10°cells x 2.58x10* cells/mL
= _1764pug x 2.58x10*cells
1x10° cells 1 mL
= 4.5 ug/mL

Table 2.9. Determination of mean and total protein content.

Rep. Protein Amntof #ceils/ Protein Mean S.E. Total # Total S.E.

No. from lysate 600 mi content Protein cells/mi Protein
Std. used (mg/10®  content inflask  content
Curve (mil) cells) (mg/10® {mg/ml)
(mg) cells)
1 4.095 15 8.07E+05 169.2 176.4 7.4 2.58E+04 45 0.2
2 4.040 15 7.89E+05 170.7
3 4.029 15 6.77E+05 198.5
4 3.764 15 7.51E+05 167.1

2.64 Results

As shown in the following results, concomitant with an inhibition of CHO cell
prolferation and an increase in mean cell 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 0 hr levels.
The mean protein and DNA content per million cells at each time interval (N = 4) of
exposure was significantly different (p < 0.001) from the mean content level of control
unexposed cell 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
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mean content level of control 0 hr DZR samples (N = 4), using the same 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 plotting this data as a ratio of mean protein/DNA content vs.
duration of exposure (Fig. 2.16c). The slight increasing trend of this ratio in dexrazoxane-
treated CHO cells as compared to control and DZR cells indicated that protein production
was either increasing relative to DNA production, or DNA production was slowing down
as protein production continued on at the same rate. This suggestion was further
confirmed by an analysis of the total protein (Fig. 2.17a) and total DNA (Fig. 2.17b)
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 after this time period.

Mean protein and DNA content levels from dexrazoxane-treated CHO cells were
additionally compared separately to previously determined mean cell volumes at each
respective time interval (Fig. 2.18). Using statistical linear regression analysis a highly
significant dependency relationship was demonstrated in both cases (p < 0.001). This
result clearly associates the larger cell volumes of dexrazoxane-treated CHO cells with
accentuated protein and DNA levels in a time and/or cell cycle dependent manner,
although the lack of intersection at the point of origin (0,0) does raise a key point of
interest. This trend may be attributable simply due to a lack of a sufficient number of data
points to accurately demonstrate the actual relationship. Although this seems reasonable, it
may be impossible to completely demonstrate due to quantifiable limitations of protein and

DNA analysis, as well as the absence of any mean cell volume values below 2000 pm>.
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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 2.25x10° cells/mL were exposed to 100
uM 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 (@) and
DZR cells were seeded at 0.25x10° cells/mL. Cell densities were determined on a
Coulter counter (140 um aperture, diameter cutoff = 7.7 um). Protein (a) and DNA (b)
content levels per million cells were determined by a modified Bradford assay and a
Hoechst dye fluorometric analysis, respectively. Protein/DNA ratio values were
determined for each analyzed time interval (c). Data points represent the mean of 4
replicate samples + S.E. Asterisks (*) indicate a statistically significant difference (p <
0.001, unpaired Student’s t-test) from the mean of control unexposed CHO cell values.
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Fig. 2.17. Total cell protein and cell DNA content levels in dexrazoxane-exposed
CHO and DZR suspension cell cultures. The overall amount of protein and DNA per
milliliter of cell culture was determined by multiplying individual mean protein and DN
content levels by the cell density at their respective time intervals, taken directly from
Fig. 2.7. Control CHO cells (@) were grown alongside cells exposed to 100 uM
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). Cell densities were
determined with the use of a Coulter counter (140 um aperture, diameter cutoff = 7.7
um) 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 + S.E.
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shown to be highly significant (p<0.001) by statistical linear regression analysis.
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2.7  Cell cycle analysis of dexrazoxane-treated cells by flow cytometry

2.71 Introduction

In the following section flow cytometry was used to characterize the effect that
dexrazoxane has on the cell cycling of CHO, DZR, and heart fibroblast cell lines. The cell
cycle perturbation effects of dexrazoxane were examined not only after 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 after the stoichiometric binding of a fluorophore
(propidium iodide) to double stranded DNA, and the delivery of these cells in a flow
system past an excitation beam. 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 cell 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 {38]. Finally, the above parameters were correlated
using sophisticated data processing software so as to identify the existence of cell

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-
4170), were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Triton X-100
(cat. No. X198-5) was obtained from J.T. Baker Chemical Co. (Phillipsburg, NJ, U.S.A.).

Dulbecco’s Phosphate buffered saline (PBS, cat. No. D-5652) was obtained from Gibco-
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BRL, Life Technologies Inc. (Burlington, ON). Ethyl alcohol anhydrous (ethanol, 100%,

cat. No. UN 1170) was obtained from Commercial Alcohols Inc. (Toronto, ON).

2.7.3 Methods

2.7.3.1 Drug treatment

CHO cells were grown as suspension cultures in double sidearm suspension spinner
flasks, seeded initially at 2.0x10> cells/mL and treated with 100 uM dexrazoxane at 0, 24
hr, or daily. DZR cells were grown as adherent cultures in T-75 flasks, seeded at 0.20x10°
cells/flask and treated with 100 uM dexrazoxane daily. Media was replaced daily in all
CHO and DZR dexrazoxane-treated cell cultures. In suspension cultures this was achieved
by the aspetic removal of cells followed by centrifugation at 250 g for 12 min, and
resuspension in an appropriate volume of ~80% fresh a-MEM/FCS in an attempt to
maintain cell densities approximately equivalent to that of before centrifugation. At
indicated times of dexrazoxane exposure cells were either removed directly from culture or
harvested with trypsin-EDTA followed by sample preparation for flow cytometry analysis.
Cell densities were determined by counting on a model Z; Coulter counter with a 100 pm
aperture, threshold setting of 7 (1/amp = 2, 1/ap.current = 8, diameter cutoff = 8.7 um).

Neonatal rat heart fibroblast cells in exponential growth were harvested with
trypsin-EDTA, and subsequently seeded onto separate T-75 flasks at 1.8x10° cells/flask.
Media was replaced every other day in control flasks with ~80% fresh DMEM/F-12/FCS.
All other flasks were exposed daily to 100 uM dexrazoxane with media replacement.

After 326 hr of dexrazoxane-exposure all cultures were harvested with trypsin-EDTA
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followed by quenching with DMEM/F-12/FCS. Cell densities were also determined by

counting on a model Z¢ Coulter counter with a 100 um aperture, threshold setting of 7.

2.7.3.2 Preparation of staining solution, and samples for analysis

Propidium iodide (Pl) stock solution (1 mg/mL): A stock solution of PI was made by
dissolving I mg of PI in 1 mL ddH,O, stored in a microcentrifuge tube at 4°C wrapped in

foil for several months.

DNase-free RNase A: A solution of RNase A was first prepared by dissolving 1 mg of
RNase A into 1 mL ddH,O, prepared in a glass test tube. Contaminating DNase enzymes

in the solution were inactivated by boiling the test tube for S min.

Propidium iodide (PI)/Triton X-100 staining solution with RNase A: A 10 mL staining
solution containing 0.02 mg/mL PI was prepared by adding to a volume of 0.1% (v/v)
Triton X-100 in PBS, the DNase-free RNase A (1 mg/mL), and 200 uL of the PI stock

solution (1 mg/mL).

Sample preparation by fixation and staining: After different periods of dexrazoxane
exposure 5x10° cells were removed from CHO and DZR cultures, and 8x10° cells from
heart fibroblast cultures. Cells were then centrifuged at 200 g for 6 min, and gently
resuspended as monodispersed single cell suspensions in 0.5 mL PBS using a Pasteur pipet
or a 22'2 G syringe. This was followed by the addition, dropwise of the prepared cell
suspensions into 4.5 mL of 70% (v/v) cold ethanol whilst being vortexed, followed by
fixation overnight at -20°C. Samples were then centrifuged and washed once with 5 mL

PBS as before, and resuspended in 1 mL of the propidium iodide (PI)/Triton X-100
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staining solution containing RNase A. Finally, samples were incubated for 15 min at 37°C,

and stored on ice wrapped in foil until analyzed.

2.7.3.3 Determination of the percentage of cell aggregates

The percentage of cell aggregates in all prepared samples was determined
microscopically so as to assess their contribution towards cell cycling analysis.
Monodipersed cell suspensions ensure a high degree of accuracy in attributing ploidy
levels to actual individual cells. Clumps of cells can distort the analysis of DNA
histograms and lead to a false-positive ploidy level. In particular, two aggregated cells in
GO0/G1 of the cycle will equate to one cell in G2/M in terms of DNA content. After
staining with propidium iodide, 20 uL. of each sample was removed and diluted with PBS
to ~100 uL in a careful manner so as not to cause any disruption. Next, a minimum of
300-500 total cells were counted under a 10X objective lens in a hemacytometer chamber.
Each observed cell doublet, triplet, quadruplet, or quintuplet was attributed with a single
count. The percentage of each types of cell aggregate was then determined by dividing by

the overall total number of aggregates counted.

2.7.3.4 Flow cytometry, and analysis of collected fluorescence raw data

Cell cycle analysis was carried out on an EPICS V multiparameter flow cytometer
(Coulter Electronics, Hialeah, FL, U.S.A.) in the Department of Immunology (University
of Manitoba, Winnipeg, MB) with the assistance of Dr. Edward Rector. Pl-stained cells
were passed through a 75 um 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
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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 defined to select certain populations of cells
for the display of a number of select parameters. Specifically, forward and orthogonal (90°
or side) light scatter were recorded together with red (PI) DNA fluorescence followed by
the correlation of each on bivariate histograms. The relative position of the 2N diploid
peak from control samples was used for instrument alignment of the DNA fluorescence
histograms from dexrazoxane-treated samples.

A hard copy of the collected raw data from a total of 10,000 cells per sample was
outputted displaying the number of cells that fell within each channel from 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-axis, 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 number 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

from 1-1000, as displayed on the DNA content frequency histograms:

Col(1) = data(0,3,0.0117647)
Col(1) = 10**Col(1)
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The relative fraction of cells residing within each discrete DNA ploidy level was
determined empirically from the collected 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 determined 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 counted overall.

2,74 Results

Upon staining with propidium iodide the distribution of ploidy content in various
cell lines were examined by flow cytometry in order to analyze any cell cycle perturbations
caused by exposure to dexrazoxane. The DNA content of CHO cells grown in suspension
were examined at various intervals of growth after exposure to 100 uM 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 exposed to
dexrazoxane under the same conditions as suspension cells resulted in similar levels of
polyploidization after 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 cell
division. Depicted in the DNA histogram profile of control CHO cells are the typical
normal successive phases of a eukaryotic cell cycle. A greater number of cells exhibit a

sharp 2N, diploid peak during the long GO/G1 phase, followed by an intermediate DNA
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synthesis phase (S phase), and finally a G2/M phase prior to division represented by a 4N,
tetraploid peak.

After 96 hr of daily dexrazoxane exposure CHO cells with a DNA content as high
as 32N were detectable, indicative of four successive rounds of DNA synthesis (Fig. 2.19
and 2.20). Exposure to dexrazoxane at 0, 24 hr with daily media replacement lead to the
appearance of cells with a DNA content of 32N, as well as 64N (Fig. 2.19). Although cell
aggregation can commonly lead to false positive ploidy levels, microscopic examination of
propidium iodide-stained cells revealed that very few cells were clumped together at these
long time periods (Table 2.10). The percentages of doublets in each prepared sample 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 2.11). Despite a similar trend towards higher ploidy content from either
drugging protocol, the replacement of media alone after two dexrazoxane exposures may
have established more adequate conditions for further cycling than the protocol involving
daily exposure. The presence of nearly twice as many 2N, diploid cells after 92 hr (Table
2.11) lends support to this theory of a healthier cell population, although earlier viability
studies demonstrated 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 distributed with increasing times of exposure, complemented by the
presence of multiple or continuous S-phase(s). More specifically, after 48 hr of continuous

exposure the percentage of 4N, 8N, and 16N cells remained relatively constant without a
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clear progression of the entire population towards a single high ploidy level (Table 2.11).
These results can perhaps be explained by a cell cycle bl