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ABSTRACT OF DISSERTATION

AN ANALYSIS OF CELL CYCLE ALTERATIONS AND APOPTOSIS INDUCED BY
ETOPOSIDE AND HYPERTHERMIA

Many toxic agents cause cells to undergo apoptosis, but different agents may cause cells to 

undergo apoptosis in different phases o f the cell cycle. In addition, cells may undergo cell cycle 

delays after treatment with toxic agents. I developed three models to analyze apoptosis and the 

cell cycle; a cell cycle progression model, a cumulative apoptotic index (CAI) estimation model, 

and an apoptotie quotient calculation. CAI was calculated by measuring apoptotic index (AI) at 

multiple time points after a treatment. These models allow for identification o f the cell cycle 

distribution of apoptotic and non-apoptotic cells and to determine whether cells in a particular 

phase o f the cell cycle are preferentially sensitive to apoptosis.

I have tested these models with two different cell lines: HL-60 cells and HCW-2 cells, a 

mutant cell line derived from HL-60 cells that is resistant to apoptosis. Cells were treated with 

6.25 pg/ml etoposide for 3 hr or heated at 45.0 °C for 15 or 30 min and analyzed at various times 

later. HL-60 cells treated with etoposide were resistant to apoptosis in Gi and G2/M phases but 

were sensitive to apoptosis in S phase. Etoposide-treated HL-60 cells also were delayed in Gi 

and Gi/M phases. HCW-2 cells treated with etoposide did not undergo apoptosis but 

experienced an early S phase arrest, late Gi phase arrest, continuous G2/M phase block and 

increasing Tpot. HL-60 cells heated at 45.0 ”C for 15 min had four phases o f apoptosis and 34.8 

% cumulative apoptotic cells while cells heated for 30 min had three phases o f apoptosis and 

93.6 % cumulative apoptotic cells. When the heat dose was increased from 15 to 30 min, CAI,
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Tv, (time-window) and It (length o f each phase) were also increased. The increase in CAI and T, 

with a larger heat dose resulted in the production of more apoptotic cells and an increase in Tw, 

which means that the substrate for the assay existed longer for a greater heat shock. In 

conclusion, these techniques can provide a more detailed understanding of the kinetics of 

apoptosis, cell cycle progression and delays simultaneously from TUNEL histograms.

Chang-Uk Lim 
Cell and Molecular Biology Program 

Colorado State University 
Fort Collins, CO 80523 

Spring 2004
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CHAPTER 1 

LITERATURE REVIEW

1.1 Introduction to Apoptosis

Initial questions about the possible existence, mechanisms, and role of 

physiological programs of cell death emerged at the end of the 19th century from the 

study of animal development, but only in recent decades has it been realized that certain 

cells from all multicellular animals are programmed to seif-destruet, and that cell survival 

depends on the repression of this self-destruction program. Apoptosis, or programmed 

cell death, has become increasingly important to many areas of biomedical research and 

plays a central role in reshaping tissue during development and differentiation. 

Overproduction of cells followed by selective cell death to generate the final organism is 

a common occurrence in the embryonic development of all organisms. In Caenorhabditis 

elegans (C. elegans), a small nematode in which somatic cell lineage has been 

completely defined, 131 of the 1090 somatic cells formed during adult development 

undergo programmed cell death - cells die predictably at a defined time and place in each 

animal (107). Apoptosis has been shown to occur in response to ionizing radiation 

(2,8,15,23,39,133,150,159,198), UV irradiation (71,112,184), mild hyperthermia 

(2,3,44,45,60,63,75,111,132,160,170,171,197), certain chemotherapeutic agents
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(4,23,32,36,46,60,88,118,145,186,193), withdrawal of essential growth factors 

(86,141,175), treatment with glucocorticoids (1,74,81), and activation of certain receptors 

(83,130,142,146). Another means of initiating apoptosis is used in the immune system 

where cytotoxic T lymphocytes attack target cells. Also, the tumor suppressor p53 can 

trigger apoptosis as an important defense against cancer. Apoptosis is important, 

therefore, not only in tissue development, but also in the immune system in the 

development of cancer, and in neurodegenerative diseases.

1.1.1 Features o f  Apoptosis and methods o f analysis

The morphological characteristics of apoptotic cells include condensed chromatin 

around the nuclear periphery, plasma membrane blebs, and shrunken cytoplasm in which 

the individual organelles remain intact (19,97,158,196). Because many of these changes 

are characteristic of apoptosis, they have become markers used to identify this mode of 

cell death by microscopy or flow cytometry (18,20,84).

Cell dehydration is one of the early events of apoptosis. Loss of intracellular 

water leads to condensation of the cytoplasm followed by a change in cell shape and size. 

Another change is condensation of nuclear chromatin. DNA in condensed chromatin 

exhibits hyperchromasia, staining strongly with fluorescent or light absorbing dyes. 

During apoptosis, the nuclear envelope disintegrates and lamin proteins undergo 

proteolytic degradation followed by nuclear fragmentation. The nuclear fragments, 

together with constituents of the cytoplasm, are then packaged and enveloped by 

fragments of the plasma membrane. These structures, called apoptotic bodies, are then 

shed from the dying cell. Analysis of scattered light in a flow cytometer provides
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information about the cell size and structure. The intensity of light scattered in a forward 

direction correlates with cell size. Cell shrinkage during apoptosis results in a decrease in 

forward light scatter (18). A transient increase in right angle scatter can be seen during 

apoptosis in some cells. This may reflect an increased light reflectiveness by condensed 

chromatin and fragmented nuclei. Using light scatter to detect apoptosis is easy, 

inexpensive, and fast. The light scatter changes, however, are not specific to apoptosis. 

Mechanically broken cells, isolated cell nuclei, and necrotic cells also have diminished 

ability to scatter light. This method should be accompanied by another, more speeific 

assay.

Another characteristic event of apoptosis is the degradation of genomic DNA into

discrete oligonucleosome fragments by the action of a Ca^VMg^^-dependent

endonuclease. Gel electrophoresis of an apoptotic cell’s nuclear material produces a

characteristic “ladder pattern” corresponding to various multiples of 200-base pair (bp)

DNA fragments derived from cleaving the DNA between nucleosomes (18,20). Also,

enzymatic techniques using DNA polymerase (nick translation) or terminal transferase

(tailing) have been developed to detect apoptosis at the cellular level (7,56,58,61,100).

The 3' OH termini in DNA breaks are detected by attaching biotin or digoxygenin

conjugated nucleotides or fluorescent labeled nucleotides to them using terminal

deoxynucleotidyl transferase (TdT). This TUNEL assay (TdT-mediated dUTP-biotin

nick end-labeling or terminal dUTP nick-end labeling) appears to be the most specific in

terms of positive identification of apoptotic cells. Combining a DNA dye with this

method allows one to analyze apoptosis through the cell cycle. A simple method for

measuring apoptosis relies on the loss of cleaved DNA from the nucleus resulting in a
3
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smaller amount of DNA in the cell. After staining the cells with a DNA stain such as 

propidium iodide (PI) and analyzing them by flow cytometry, a sub-diploid peak is 

obtained, representing apoptotic cells which have lost some of their DNA.

Another characteristic of apoptosis is the preservation of the structural integrity 

and function of the plasma membrane, at least during the initial phase of cell death. Other 

membrane-bound cellular organelles, including mitochondria and lysosomes, also remain 

preserved during apoptosis. However, the function of mitochondria is impaired during 

apoptosis. The loss of mitochondrial inner transmembrane potential is associated with 

the early stages of apoptosis (11,18,20,42). Mitochondrial permeability transition pores 

(FT pores) play a major role in the collapse of this potential by allowing passage of ions 

and small molecules. The loss of membrane potential triggers a decoupling of the 

respiratory chain and the release of cytochrome C into the cytosol.

Mitochondrial function plays a critical role in apoptosis and can be analyzed using 

flow cytometry. Rhodamine 123 (Rhl23) is a green fluorescent cationic dye that 

accumulates in active mitochondria with high membrane potential (18,20,47,123). 

Incubating cells with both Rhl23 and propidium iodide (PI) labels live cells green 

(Rhl23) and dead cells red (PI). Decreases in mitochondrial transmembrane potential 

reflect a loss of the cell’s ability to accumulate Rhl23 or cyanine dyes (e.g., JC-1) (9,90) 

in mitochondria. This event is associated with an increased production of superoxide 

anions (reactive oxygen species, ROS) and increased content of the reduced form of 

cellular glutathione (12,50,55,113). The product of the bcl-2 gene appears to play a 

critical role in preventing the loss of the mitochondrial transmembrane potential during
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apoptosis (11). A cartoon of the mitochondrial involvement in apoptosis is shown in Fig. 

1 . 1 .

Another organelle that can be probed by flow eytometry is lysosomes. Ineubation 

of cells in the presence of 1-2 pg/ml of the metachromatic fluorochrome acridine orange 

(AO) results in the uptake of this dye by lysosomes of live cells, which fluoresce red. The 

uptake is the result of an active proton pump in lysosomes. The high proton concentration 

(low pH) causes AO, which can enter the lysosomc in an uncharged form, to become 

protonated and thus trapped in the organelle. Dead cells exhibit weak green and minimal 

red fluorescence at that low AO concentration. This assay is useful for cells that have 

numerous active lysosomes, such as monocytes and macrophages (19). Anther feature 

of cells undergoing apoptosis is the loss of asymmetry of the phospholipids on the plasma 

membrane leading to exposure of phosphatidylserine (PS) on the outer surface 

(16,26,43,94,178). The human vascular anticoagulant, annexin V, is a 35-36 kDa Ca^^- 

dependent phospholipid-binding protein that has a high affinity for PS. The presence of 

PS on the outer membrane leaflet can be measured by binding fluorescent-labeled 

annexin V to the PS in the presence of calcium ions (178,179). When combined with PI, 

this can distinguish between early apoptotic and late apoptotic or necrotic cells. Flow 

cytometry, with its capabilities for multiparameter analysis using methods described 

above, is the easiest and most rapid technology for studying apoptosis. It offers all the 

advantages o f rapid, multiparameter analysis of large populations of individual cells to 

investigate the biological processes associated with cell death (19).
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Figure 1.1. The intrinsic mitochondrial apoptotic pathway.

Abbreviation (alphabetical order); AIF (apoptosis-inducing factor), Apaf-1 (apoptotic protease activating 
factor), CARD (caspase-recruitment domain), Ced-4 (cell death abnormal), DIABLO (directJAP binding 
protein with low pi), lAP (inhibitors o f apoptosis proteins), PARP (poly [ADP-ribose] polymerase), PT 
pore (permeability transition pore), Smac (second mitochondria-derived activator o f  caspases), XAFl (X- 
linked inhibitor o f  apoptosis-associated factor-1), XIAP (X-linked inhibitor-of-apoptosis protein) (courtesy 
o f Dr. Darzynkiewicz, Z.)
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The activation of aspartic acid-specific cysteine proteases (caspases) is another 

critical feature of apoptosis. An enzyme cascade of caspases results in cellular 

disassembly. The products cleaved by activated caspases, such as poly [ADP-ribose] 

polymerase (PARP) (Fig. 1.1), DNA-dependent protein kinase and actin (147,148), are 

detected electrophoretically by western blot detection with specific antibodies. The 

second method for detection of active caspase is the use of fluorogenic (or chromogenic) 

substrates of caspases. Peptide substrates have been developed that are colorless or non- 

fluorescent but upon caspase cleavage generate colored or fluorescent products 

(62,87,114). The recognition site is composed of three to four amino acids followed by an 

aspartic acid residue, with the cleavage oecurring after the aspartate. Another method 

utilizes fluorochrome-labeled inhibitors of caspases (PLICA) for the detection of the 

activation of caspases. Different caspases can be detected by using different peptide 

targets of these inhibitors, which are specific for each caspase as described later. PLICA 

could be used to arrest cells in apoptosis, thereby preventing their disintegration and 

passage or exit from the time-window for the assay (6,164,165,166). This method allows 

for the analysis of the apoptotic index (AI) and also the cumulative apoptotic index 

(CAI). AI represents the fraction of apoptotic cells in a population at a given time point 

whereas CAI represents the cumulative fraction of apoptotic cells from the beginning of 

treatment to the collection time point.

Several additional cytosolic features o f apoptosis can be measured. Changes o f 

intracellular ion concentration, pH and level of ROS in the cytosol occur during 

apoptosis. Indo-1 (33,69,183,189) and Pluo-3 (101,154) can be used to measure 

intracellular, cytosolic free Ca^^ concentration, BCECP (2, 7-biscarboxyethyl-5(6)-
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carboxyfluorescein) (21,30,128) and SNARF-1 (5,180,190) can be used to measure pH, 

and H2DCFDA (2', 7'-dichlorodihydrofluorescein diacetate or DCFH-DA) (12,96) can be 

used to measure ROS.

1.1.2 Apoptosis V5. Necrosis

Apoptosis differs from necrosis in several molecular, biochemical and 

morphological features (Table 1.1) (53,57,64,100,103,105,139,140,158,176). While 

apoptosis is characterized by active participation of the affected cell in its own demise, 

necrosis is a passive, catabolic, and degenerative process. Necrosis generally represents 

the last cellular response to gross injury and can be induced by an overdose of cytotoxic 

agents.

Early events of necrosis are mitochondrial swelling followed by rupture of the 

plasma membrane and release of cytoplasmic constituents, which include proteolytic 

enzymes. DNA degradation is not so extensive during necrosis as in the case of 

apoptosis, and the products of degradation are heterogeneous in size, failing to form 

discrete bands on electrophoretic gels.

Apoptotic cells die quietly - they do not cause inflammation, and phagocytes that 

engulf the apoptotic bodies are not activated. Necrosis, however, stimulates an 

inflammatory immune response; phagocytes that engulf necrotic cells are activated, and 

they secrete cytokines that recruit other immune system cells to the area.
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Table 1.1. M orphological criteria for identification o f  apoptosis or necrosis (19,29,53,105,139,140,158,176)

APOPTOSIS NECROSIS

Reduced cell size, convoluted cell shape Cell and nuclear swelling

Plasm a m em brane blebbing / budding Patchy chromatin condensation

Chrom atin condensation (DNA hyperchromicity) Swelling o f  mitochondria

Loss o f  the structural features o f  the nucleus Vacuolization in cytoplasm

N uclear fragm entation (karyorrhexis) Plasm a membrane rupture

Presence o f  apoptotic bodies Dissolution o f  DNA (karyolysis)

D ilation o f  the endoplasm ic reticulum Attraction o f  inflammatory cells

Relatively unchanged cell organelles

Phagocytosis o f  cell remnants

Cell detachm ent from tissue culture flasks
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1.2 Pathways o f Apoptosis

The pathway that activates the apoptotic response is different in each case, but the 

response is similar. In most cases, the initial stimuli converge on a common effector 

pathway, as shown by the ability of Bcl-2 to inhibit apoptosis in response to all signals 

and the central role of caspase 3 in both the mitochondria-dependent pathway (intrinsic 

pathway, Fig. 1.1) and the death receptor pathway (extrinsic pathway. Fig. 1.2).

There are two classes of extrinsic interaction by which apoptosis can be induced. 

In the first class, cell death is induced by a particular stimulus, such as engagement o f the 

T-cell receptor of the Fas/Apo-l/CD95 antigen. In the second class, cell death results 

from removal of a stimulus, such as IL-2 or lL-3, which normally suppresses apoptosis. 

Fas/Apo-l/CD95 may interact with other genes that control apoptosis.

1.2.1 Death Receptors

A major pathway that triggers apoptosis in mammalian cells was discovered via 

the properties of the Fas receptor (Fig. 1.2). Fas ligand (FasL) or an antibody directed 

against Fas receptor kills cells that express the protein on their surface. The reason is that 

the antibody-Fas reaction activates Fas, which triggers a downstream pathway for 

apoptosis. Fas (CD95/APO-1) is a type I membrane protein in the TNF (tumor necrosis 

factor) family. Fas is a transmembrane protein which possesses characteristic cysteine- 

rich repeats in its extracellular domains. This pathway can be triggered by cell-cell 

interactions in which the “ligand” on one cell surface interacts with the receptor on the 

surface of the other cell. Among the members of this family, both Fas- and TNF- 

receptors can activate apoptosis.

10
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(courtesy o f Dr. Darzynkiewicz, Z.)
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FasL is a homotrimer, and FasL binding induces trimerization o f the Fas receptor. 

A 65 amino acid intracellular domain near the carboxyl terminus in Fas receptor 

(130,144), which is called the death domain (DD) (107), trimerizes (Figure 1.3). After 

trimerization, the DD recruits other DD containing proteins (i.e., FADD, Fas-associated 

protein with death domain) to the receptor complex. This complex is called the death- 

inducing signaling complex (DISC). A death effector domain (DED) in FADD is exposed 

when FADD binds to the death receptor. A DED in FADD binds to a DED in the 

prodomain o f pro-caspase 8 (Figure 1.3). Interaction of two or more pro-caspase 8 

molecules causes auto-cataljdic activation of caspase 8 molecules, providing a crucial 

link between Fas and caspase cascades. Through this cascade, the external signal 

activates caspase 3 and also activates the mitochondrial apoptotic pathway by triggering 

the release o f cytochrome C from the mitochondria with Bid and Bax (Fig. 1.2) 

(27,40,51,99,122). A detailed description of the cytochrome C-related apoptotic pathways 

is given in section 1.3.2.

1.2.2 Perforin and Granzymes

Another extrinsic apoptotic pathway is triggered by granzymes (serine proteases), 

and perforin (a membrane pore-forming protein) formd in the lymphocyte granules o f  

activated cjdotoxic T lymphocytes and NK (natural killer) cells. Perforin can polymerize 

into transmembrane pores in the target cell membrane, which facilitates the intra-cellular 

delivery o f the granzymes. Following adhesion o f the cytotoxic cell to the target, 

granzyme B is directly exocytosed and enters the target cells through the perforin pores.

12
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The granzymes work on specific substrates involved with ceil death by apoptosis in the 

target cells (89,95). Granzyme B can induce many o f the features o f apoptosis, including 

fragmentation o f DNA. It activates pro-caspases 3, 6, 7, 8, 9 and 10 (inactive precursors 

called zymogens) by cleavage to produce the active caspases 3, 6, 7, 8, 9 and 10, 

respectively (see Table 1.3). When granzyme B is inhibited in the target cells, granzyme 

A act as the second granzyme system in a family o f 11 found in the cytotoxic granules 

(127,163).

1.2,3 Caspase (ICE) Family

Caspases define a family o f aspartate-specific cysteine proteases with multiple 

roles in the processes o f cell differentiation, growth and apoptosis (151). Caspases are 

pro-enzjmies that must be catalytically cleaved at specific Asp amino acids and dimerize 

with a large and a small subunit to become an active protease. More than 10 mammalian 

members o f the caspase family have been reported so far (Table 1.2). The caspases can 

be divided into three groups with redundant functions. Caspases 1, 4 and 5 are associated 

with inflammation (52,70,109); caspases 2, 3 and 7 have been shown to disrupt essential 

homeostatic pathways and act as effectors or executioner during apoptosis; caspases 6, 8, 

9 and 10 act as upstream components or initiators in the apoptosis-related proteolytic 

cascade (138,173,174). Caspase 3 is derived from the proenzyme CPP32 at the onset o f 

apoptosis and plays a pivotal role in apoptosis (59,134,136,137,138,155). Categorizing 

caspases by functional domains results in three clusters (174). Caspases 1, 2, 4, 5 and 9 

are called CARD (caspase recruitment domain)-caspases; caspases 8 and 10 are called 

DED-caspases; caspases 3 , 6 , 1  and 14 are called downstream caspases.

14
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Table 1.2. Human ICE/CED-3 protease nomenclature and optimal peptide sequences (48,130,148)

New nomenclature Old nomenclature Optimal peptide sequences

Caspase-1 ICE WEHD (Trp-Glu-His-Asp)

Caspase-2 ICH-1, mNedd2 VDVAD (Val-Asp-Val-Ala-Asp)

Caspase-3 CPP32, Yama, Apopain DEVD (Asp-Glu-Val-Asp)

Caspase-4 IX , ICH-2, ICErei-II, WEHD (Trp-Glu-His-Asp)

Caspase-11 (mouse)

Caspase-5 TY, ICErei-III, Caspase-12 (mouse) WEHD (Trp-Glu-His-Asp)

Caspase-6 Mch2 VEID (Val-Glu-Ile-Asp)

Caspase-7 Mch3, ICE-LAP3, CMH-1 DEVD (Asp-Glu-Val-Asp)

Caspase-8 MACHal, FLICE, Mch5 LETD (Leu-Glu-Thr-Asp)

Caspase-9 ICE-LAP6, Mch6 LEHD (Leu-Glu-His-Asp)

Caspase-10 Mch4, FLICE-2 DEVD (Asp-Glu-Val-Asp)

Caspase-14 MICE

General Inhibitor used frequently with neurons Boc-D-FMK “BAF”

synthetic caspase inhibitor Z-VAD-FMK
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There is a cascade o f proteases in which one member activates another by 

cleaving it (Figs 1.1, 1.2 and Table 1.3). In general, easpases are likely to be activated by 

other caspases or granzyme B in both a linear sequence and in parallel pathways, whieh 

might vary depending on both the apoptotic inducer and the cell type or tissue, but the 

details are very complex and still not known.

A variety o f other substrates are not activated but rather are inactivated by

speeific caspase cleavage, for example the nuclear lamins, which are part o f the

intermediate filament network eontributing to nuclear envelope integrity and chromatin

organization (Table 1.4). Overexpression in cells o f uncleavable mutant lamins delayed

eell death, demonstrating that lamin eleavage preeedes DNA fragmentation and

eontributes to chromatin condensation and nuclear shrinkage in vivo. Cleavage of

ehromatin at intemueleosomal sites depends on activation of a specific endonuclease.

CAD (caspase-activated DNase) is a unique nuclease which is usually located in the

cytoplasm in an inactive, latent form. CAD is synthesized with two extra amino acids at

its N terminus; it makes a complex with ICAD (inhibitor o f caspase-activated DNase)

and it is stabilized when those extra amino aeids are removed. ICAD acts as a chaperone

for correct folding of CAD. CAD consists o f 342 amino acids, with a 15 amino acid

nuclear loealization signal at its earboxyl terminus. CAD is aetivated by caspase 3

cleavage and inactivation of the nuclease inhibitor ICAD which has two DEVD

sequences (38,156,195). The activated CAD enters the nueleus and degrades

chromosomal DNA (Fig. 1.4). The sequence o f murine ICAD is closely homologous to a

human protein, DFF-45 (DNA-fragmentation factor 45), which contains caspase 3 sites

and is cleaved in apoptosis (38,117,156). DFF consists o f two subunits o f 45- and 40-kDa
16
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Table 1.3. Cleavage o f  caspase precursors by caspases and granzyme B in vivo and/or in vitro (148)

Protease or caspase Substrate (caspase precursor)

Granzyme B Caspase 3, 6-10

Caspase-1 Caspase 1, 3 ,4

Caspase-3 Caspase 1 , 6 , 7 , 9

Caspase-4 Caspase 1, 4

Caspase-5 Caspase 5

Caspase-6 Caspase 3, 7

Caspase-8 Caspase 3 ,4,  7, 9

Caspase-10 Caspase 1, 3, 7
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Table 1.4. Cleavage o f caspase substrates in apoptosis (excluding caspase precursors) (148,168)

Substrate Caspase Cellular localization 
o f substrate

Consequences o f  cleavage in apoptosis

Activation of function

ICAD, DFF Caspase-3 Cytoplasm Induction of DNA fragmentation by cleavage of 
the substrates

Pro-IL-ip Caspase-1 Cytoplasm Active IL-ip regulates apoptosis induced by other 
factors

Interferon-y 
Inducing factor

Caspase-1 Cytoplasm Pro-interleukin-18

PKC5 Caspase-3 Cytoplasm Induction of catalytic activity. Contribution to cell 
death?

SREBPs 1,2 Caspase 3,7 ER/nucleus Induction of transcription. Suppression of cell 
lysis?

Bid Caspase-8 Cytoplasm Bcl-2 family member. Induction of releases of 
cytochrome C

Cytosolic 
phospholipase A2

7 Cytoplasm
Phospholipid metabolism

Inactivation of function

Cytoskeietal and structural proteins

Lamins AB,C Caspase-6 Nuclear envelope Loss of nuclear matrix integrity; nuclear 
disassembly facilitated

Actin Caspases Cytoskeleton 7

a-fodrin Caspase-3-reIated Cortical cytoskeleton Cell shape changes

Gas2 7 Microfilament Cell shape changes

p-Catenin 7 Plasma membrane Cell adhesion changes

Gelsolin Caspase-3 Cytoplasm Actin-severing protein, membrane blebbing and 
other morphology features related

Cell cycle and replication

DNAtopoI,!! 7 Nuclear scaffold DNA replication

Mdm2/Hdm2 7 Nucleus Inhibitor of p53; Loss of cell cycle control

NuMA 7 Nucleus 7

Rb Caspase-3 Nucleus Loss of apoptosis suppression?

p21 (CiplAVafl) 7 Cdk2 inhibitor

Cdc27 7 Anaphase-promoting complex

Cyclin A 7 Loss of cell cycle control
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Transcription and translation

Ul-70 kDa Caspase-3 Nucleus Inhibits RNA splicing

HnRNP Cl, C2 Caspase-3 like Nucleus ?

NF-kB, IkB-« ? Cytokine and anti-apoptotic genes, inhibitor of 
NF-kB

DNA cleavage and repair

PARP Caspase

I,3,4,6,7

Nucleus Accelerates DNA fragmentation and Inhibits 
DNA repair

DNA-PK Caspase-3 Nucleus Inhibits DNA repair

Signal transducers

D4-GDI Caspase-3 Cytoplasm Inhibitor of small GTPases, Rho pathway

PITSLRE Caspase-3 like Nucleus Loss of cell cycle regulation

Others

Huntingtin Caspase-3? Cytoplasm Failure of a subset of neurons to survive

Pro-caspases Caspases Cytoplasm Activated by upstream caspases

Bcl-2 Cytoplasm Apoptosis inhibitor

Apaf-1 Caspase-3 Cytoplasm Removal of upstream apoptotic machinery

Hsp90 Involved in Alzheimer’s disease

Presenilins

Abbreviation: ICAD, Inhibitor of caspase-activated DNase; DFF, DNA fragmentation factor; Pro-IL-ip, 
nrointerleukin-IB: IL-ip,jnterleukin-iP; PKC8, protein kinase C5; SREBPs 1,2, sterol response element binding 
proteins; PARP, poly (^P-ribose) polymerase; DNA-PK, DNA-dependent protein Wnase; Ul-70 kDa, 70-kDa 
component of the U1 small nuclear ribonucleoprotein; Rb, retinoblastoma protein; PITSLRE, isoforms of the I lO-kDa 
PITSLRE protein kinase family; NuMA, nuclear matrix and mitotic_apparatus protein; D4-GDI, GDP dissociation 
inhibitor type D4, an inhibitor of Rho family GTPases that functions to regulate inflammatory cell activity, is 
susceptible to cleavage by caspase-3; DNA topo I and II, DNA topoisomerases I and II; hnRNP Cl, C2, heteronuclear 
ribonucleoproteins Cl and C2 (components of the spliceosome believed to participate in pre-mRNA processing); ER, 
endoplasmic reticulum; MDM-2, mouse double minute-2 protein; Apaf-1, apoptotic protease activating factor.
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Figure 1.4. A model for CAD-dependent DNA fragmentation during apoptosis (131)

Abbreviation (alphabetical order): CAD (caspase-activated DNase), ICAD (inhibitor o f  caspase-activated 
DNase)
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proteins (DFF-45 and DFF-40). Caspase 3 eleaves DFF-45, and DFF-40 (CAD) is 

activated and cleaves chromosomal DNA in the nucleus (116).

Failure to detect apoptosis with the TUNEL assay may be related to CAD/ICAD. 

First, when the expression o f CAD and ICAD is low, such as in fibroblasts, only a small 

percentage o f TUNEL positive cells is observed. In contrast, lymphoid and myeloid cell 

lines have a high level o f CAD and ICAD expression, and have a massive DNA 

fragmentation. Second, when caspase 3 is mutated or absent (in cell lines lacking caspase 

3 or in caspase 3-null mice), the TUNEL assay does not give a positive population 

because the CAD/ICAD system is not activated by caspase 3.

Other known substrates inactivated by cleavage are the nuclear enzyme PARP 

(135,187) and DNA protein kinase (148). Both play roles in DNA repair and PARP has 

been suggested to suppress the activity o f an apoptotic endonuclease by poly ADP- 

ribosylation. The catalytic domain o f PARP is efficiently cleaved from the DNA-binding 

domain by various caspases. Cleaved PARP is a marker o f apoptosis in many mammalian 

cells. It is possible that PARP cleavage accelerates DNA fragmentation by adversely 

affecting the DNA repair machinery.

Synthetic caspase inhibitors are very useful for analysis o f caspase activity and

potential treatment for the chronic diseases characterized by cell death, such as

Alzheimer’s diseases. A popular method for measuring caspase activity utilizes

fluorogenic or chromogenic oligopeptide substrates and inhibitors that enable relatively

simple procedures and quickly yield quantitative kinetic data. Optimal peptide sequences

(Table 1.2) have been developed that produce maximum specificity. These peptides act as

pseudosubstrates for active caspases and become competitive inhibitors. Irreversible
21
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inhibitors are made by modifying the peptide C-terminal aspartic acid with fluoromethyl 

ketone (FMK) (172,174). The caspase-3 activity can be monitored in vitro using the 

fluorogenic peptide substrate carbobenzoxy-Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl 

coumarin (Z-DEVD-AFC), a variation o f the substrate described in the literature (137). 

This peptide-dye conjugate produces a blue fluorescence upon exposure to near-UV light. 

Caspase-3 enzymatically cleaves the AFC from the peptide and release free AFC which 

then produces a blue-green fluorescence. The advantages of using the caspase system for 

measuring apoptosis are as follows: (i) caspase activity is an early marker for cells 

entering apoptosis; (ii) caspase is measured fluorometrically for very sensitive and 

quantitative detection; (iii) the caspase fluorogenic assay is fast, easy, quantitative, and 

robust; (iv) the FLICA (fluorochrome-labeled inhibitors of caspases) assay with PI can 

provide cell cycle specific analysis o f apoptosis in individual cells.

The realization that many of the caspase substrates are important proteins 

involved in cell regulation, signaling, DNA repair, homeostasis and cell survival makes it 

attractive to think that the proteolytic disabling o f certain key proteins directly contributes 

to apoptosis.

1.3 Regulation of Apoptosis

1.3.1 Genes in C. elegans

The control o f apoptosis involves components that inhibit the pathway as well as 

those that activate it. This first became clear from the genetic analysis o f cell death in C.

elegans, where mutants were found that either activate or inactivate cell death. Cell death
22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



occurs at precisely defined times during the developmented program, and edl the dead 

cells show the classic signs o f apoptosis. The entire cell-elimination process in C. elegans 

has three distinct phases -  killing the cell, phagocytosis of the corpse, and digestion of 

the engulfed cell constituents. The expression o f specific genes is important in each 

phase.

Three genes [egl-1 (egg laying defective), ced-3 (cell death abnormal), and ced-4] 

are required for apoptosis in C. elegans (17,24,25). Loss-of-function mutations in any of  

these genes result in the survival o f the eells that are supposed to die. The ced-3 gene 

encodes a member o f the caspase family. The mammalian homologue of Ced-4 is Apaf-1 

(200). ced-9 is another gene which is required for apoptosis control. It is the C. elegans 

counterpart o f human bcl-2 (80). ced-9 blocks apoptosis during development in C. 

elegans embryos, apparently by encoding a protein that inhibits activation o f ced-3 and 

ced-4. When Egl-1 binds Ced-9, the complex o f Ced-9 and Ced-4 loosens and releases 

Ced-4. This makes Ced-4 oligomerize, which is followed by the activation o f Ced-3. The 

proper control o f apoptosis may therefore involve a balance between activation and 

inhibition o f this pathway (107).

ced-1, ced-2, ced-5, ced-6, ced-7, ced-10, and ced-12 encode proteins that change 

the properties o f the outer surface o f the dead cell’s plasma membrane, flagging the cell 

for phagocytosis (79). Group 1 is composed of ced-1, ced-6, and ced-7. Ced-1 and Ced-7 

recognize the corpse and may be involved in phosphatidylserine-induced engulfment. 

Ced-6 transfers the signals from Ced-1. Group 2 consists o f ced-2, ced-5, ced-10, and 

ced-12. They are involved in cytoskeietal reorganization during phagocytosis.
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1.3.2 Bcl-2 family in mammalian cells

Studies using C. elegans have provided clear evidence for cell death by an active 

process dependent on the activity o f particular genes (24,37). Many studies have 

confirmed that expression o f the proto-oncogene bcl-2 can suppress apoptosis in a wide 

variety o f cultured cell types (82). In myeloid leukemic cells, a high resistance to 

induction o f apoptosis by a variety o f cancer chemotherapy compounds, irradiation, and 

heat shock was associated with a high level o f expression of bcl-2 (119). Screening for 

expression of bcl-2 may be useful to characterize leukemia and other types o f cancer cells 

regarding their susceptibility to induction of apoptosis by different cytotoxic anticancer 

agents.

The bcl-2 family o f proteins acts as critical regulators o f pathways that are 

involved in apoptosis, functioning either to inhibit or to promote cell death. Thus, the bcl- 

2 family members are divided into two major sub-families, which are composed o f anti- 

apoptotic and pro-apoptotic bcl-2 members (Table 1.5). Group 1 (anti-apoptotic) members 

possess four conserved a-helix bcl-2 homology (BH) domains named BH l, BH2, BH3, 

and BH4 as well as C-terminal hydrophobic membrane localizing domain. Group II (pro- 

apoptotic) members lack BH4 but have the other domains. A more diverse group III (pro- 

apoptotic) consists o f members with only BH3 domain (78).

The ratio between the anti-apoptotic and pro-apoptotic members determines the

fate of the cells after receiving a death signal. Bcl-2 family members form homodimers or

heterodimers with other bcl-2 family members. When bcl-2 forms heterodimers with

Bax, it prevents Bax proteins from forming pores in the mitochondria membrane (Fig.

1.1). Thus, if  bcl-2 is overexpressed, apoptosis is likely to be inhibited, but if  bcl-2 is
2 4
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Table 1.5. Anti-apoptotic and pro-apoptotic BCL-2 family members (99)

Members

Anti-apoptotic Mammalian BCL-2, BCL-Xl, BCL-W, MCL-1, Al/BFL-1, 
BOO/DIVA, NR-13

Viral E1B-19K, BHRFl, KS-BCL-2,0RF16, 
LMW5-HL

C. elegans CED-9

Pro-apoptotic Mammalian BAX, BAK, BOK/MTD, BCL-Xs

BH3-only BID, BAD, BIK/NBK, BLK, HRK, 
BIM/BOD, BNIP3, NIX

C. elegans EGL-1
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silenced (92) or Bax or other pro-apoptotic members are overexpressed, such as in 

response to DNA damage, apoptosis is likely to occur.

The separation o f anti-apoptotic and pro-apoptotic members in the absence o f a 

death signal is important for regulating the efficient response to apoptosis and avoiding 

unnecessary formation o f multimers. Anti-apoptotic proteins are integral membrane 

proteins found mostly in the mitochondria, endoplastic reticulum (ER), or nuclear 

membrane (13,76,98). Some pro-apoptotic proteins are found in the cytosol or the 

cytoskeleton. After an apoptosis signal, pro-apoptotic proteins (e.g., Bax) integrates into 

the mitochondrial outer membrane followed by the exposure o f its amino terminal 

domain from a closed configuration (27,85,192). In the carboxyl terminal hydrophobic 

domain, the removal o f this domain inhibits the redistribution during apoptosis and 

inhibits apoptotic activity o f Bax (192).

Bid is a ‘BH3 domain only’ pro-apoptotic member, which acts as a linker between 

an extrinsic death signal and the mitochondrial apoptotic pathway by regulating 

cytochrome C release (Fig. 1.2). It inactivates bcl-2 and activates Bax (185). A death 

signal from the Fas receptor activates caspase 8 and activated caspase 8 cleaves cytosolic 

p22 Bid. The truncated p i5 Bid (tBid) inserts into the mitochondrijd outer membrane 

where it causes the release o f cytochrome C (68,108,122). The released cytochrome C 

binds to Apaf-1 (apoptotic protease activating factor-1). The N-terminal region o f the 

inactive monomeric form o f Apaf-1 interacts with the WD domains in the C-terminal 

region (Fig. 1.5). Binding of cytochrome C to the WD region unfolds Apaf-1 and exposes
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Figure 1.5. The structure o f  apoptosom e (65)

Abbreviation (alphabetical order): Apaf-1 (apoptotic protease activating factor), CARD (caspase 
recruitm ent domain)
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an oligomerization domeiin. A heptamer o f Apaf-1 and cytochrome C is formed and 

stabilized by dATP or ATP. This heptamer combines with pro-caspase 9 to form a 

complex, called the apoptosome, by interaction o f caspase recruitment domains 

(CARDs). The aggregation o f pro-caspase 9 activates caspase 9, which is followed by the 

activation of caspase 3 (Fig.1.1 and Fig.1.2) (110,115,200). Bcl-2 and B c1-X l act as anti- 

apoptotic molecules that sequester BH-3 only pro-apoptotic family members in stable 

multimers, repressing the activation o f Bax or Bak.

Calcium (Ca^ )̂ stimulus induces the formation of membrane permeability 

transition (PT) pore in the mitochondria, which is composed of the adenine nucleotide 

translocator (ANT), Bax and the voltage-dependent anion channel (VDAC) 

(161,162,177). This channel allows water and solutes to enter the mitochondrion, which 

is followed by mitochondrial swelling and the release o f cytochrome C (Fig.1.1) 

(66,199). This phenomenon can be blocked by the PT pore inhibitor cyclosporin A. In 

contrast to calcium stimulus, growth factor withdrawal causes non-specific rupture o f the 

mitochondrial outer membrane and cytochrome C release following mitochondrial 

swelling resulting from defective exchange o f ADP and hyperpolarization o f the inner 

membrane (Fig. 1.6) (181).
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1.3.3 p53

The p53 tumor suppressor protein is a short-lived protein which is induced and 

stabilized in the cellular response to ionizing radiation, genotoxic agents, oxidative stress, 

hypoxia and oncogene expression. Wild-type p53 is inactivated by mutations or deletions 

in many types of human cancer cells (143). Mutations and deletions in the p52 gene are 

also common in human myeloid leukemia cell lines (169).

p53 is a tetrameric transcription factor with a central DNA binding domain that 

recognizes an interrupted palindromic 10 bp motif (14,54,72,124,129). p53 activates 

transcription at promoters that contain multiple copies of these p53-responsive motifs. 

The immediate N-terminal region provides the transactivation domain, which interacts 

directly with TBP (the TATA box-binding protein) (49,152). This region of p53 is also a 

target for other proteins that interact with it, including cellular oncoprotein Mdm2 and the 

adenovirus oncoprotein ElB  55kDa.

Mdm2 is a cellular protein that inhibits p53 activity by binding to the N-terminus 

and blocking transactivation (125). p53 induces transcription of Mdm2, so the interaction 

between p53 and Mdm2 forms an autoregulatory negative feedback loop in which the 

two components limit each other’s activities. Mdm2 controls p53 function by inhibition 

of p5 3-mediated transcriptional activity and promotion of p53 degradation. The 

interaction of E lB  55kDa with p53 enables adenovirus to block p53 action, which is an 

essential part of its transforming capacity. mdm2 null mice (but p53 normal) die during 

embryogenesis, but the simultaneous elimination of p53 rescued the lethality (22,93,126). 

Thus, p53 is active and lethal in the absence of Mdm2.
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In its function as a transcription factor in response to DNA damage, p53 activates

several genes related to (i) cell cycle arrest in Gi phase (CDKNIA (p21/W AF-l/ClPl) a

cyclin-dependent kinase inhibitor which inhibits the cell cycle progression by binding to

and inhibiting the activity of cyclin/Cdk complexes), (11) DNA repair (PCNA and

GADD45), and (iii) activation {APAF-1, BAX and Fas) and/or repression {bcl-2) of

certain genes for induction of apoptosis after excessive DNA damage (66,106,153). p53

may also induce apoptosis by a mechanism independent of transcriptional activation (10).

p53 also has the ability to bind to damaged DNA. The C-terminal domain

recognizes and binds to short (<40 base) single-stranded regions of DNA and to

mismatches generated by very short (1-3 base) deletions and insertions of bases (91,104).

All the transforming forms of p53 turned out to be mutant forms of the protein.

They fall into the category of dominant negative mutants, which function by

overwhelming the wild-type protein and preventing it from functioning. The most

common form of a dominant negative mutant is one that forms a heteromeric protein

containing both mutant and wild type subunits, in which the wild-type subunits are

unable to function. p53 probably exists as a tetramer. Oligomerization requires the C-

terminal region (107). When mutant and wild-type subunits of p53 oligomerize, the

tetramer takes up the mutant conformation.

Wild-type p53 mediates apoptosis in normal hemopoietic cells deprived of

viability-inducing cytokines or treated with different cytotoxic agents. This was

confirmed by showing that thymocytes from wild-type p5 3-deficient mice compared to

thymocytes from normal mice were more resistant to y-irradiation-induced apoptosis and

to induction of apoptosis by other DNA-damaging compounds (15,121). The involvement
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of wild-type p53 in apoptosis was also indirectly suggested from experiments showing 

that DNA damaging agents can induce an increase in expression of wild-type p53 (121). 

Wild-type p53 is involved in the process of apoptosis in normal hemopoietic cells, which 

suggests a similar role for p53 in other normal cell types. However, the fact that 

hemopoietic cells from p53-deficient mice were not completely resistant to induction of 

apoptosis, the ability to induce apoptosis in leukemic cells lacking p53, such as HL-60 

(191), and the similar susceptibility of thymocytes from normal and p53-deficient mice to 

dexamethasone-induced apoptosis (15,121) show that there are also p53-independent 

pathways for induction of apoptosis.

1.3.4 c-myc

The myc family o f proto-oncogenes produces DNA binding proteins, which can 

heterodimerize to form transcriptional activators or repressors. Their regulation in 

proliferation, differentiation and apoptosis is very complex. The best characterized is c- 

myc, whose expression is maintained throughout the cell cycle in normal proliferating 

fibroblasts and elevated by several mechanisms. When cells are deprived of serum or 

growth factors, downregulation of c-myc may cause them to arrest in G| and certain 

nonmalignant factor-dependent myeloid cell lines and Rat-1 fibroblasts may undergo 

apoptosis (41,167). Deregulated expression of c-myc in myeloid leukemic cells 

coexpressing mutant p53 did not result in enhancement of susceptibility to apoptosis, 

showing that mutant p53 suppressed the apoptosis-enhancing effect of deregulated c-myc 

(119,120). In addition to enhancing apoptosis or sensitizing cells to apoptotic stimuli by a 

p53-dependent mechanism, deregulated c-myc can also induce cell proliferation and
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inhibit differentiation. The bcl-2 gene can also suppress the apoptosis-enhancing effects 

of deregulated c-myc. The c-myc gene and mutant p53 can therefore cooperate in tumor 

development as occurs with c-myc and bcl-2 (119,120,167). In addition to the c-myc- 

dependent pathways, there are also c-mjc-independent pathways that regulate apoptosis. 

Dexamethasone-induced apoptosis in a human T cell lymphoblastic leukemia resulted in 

decreased expression of c-myc and deregulated expression of c-myc in these eells actually 

inhibited induction of apoptosis by dexamethasone (67).

How does c-myc promote two such opposite functions as proliferation and death? 

In the absenee o f growth factors (and hence low myc expression), the default for 

mammalian cells is to block in Go; similarly the default condition with c-myc expression 

could be apoptosis. The actual signal is controlled by the balance between apoptosis- 

suppressing molecules such as mutant p53, Bcl-2 and Bcl-XL, and apoptosis-inducing 

molecules such as p53, c-myc and Bax. Without an apoptotic inducer, apoptosis- 

suppressing molecules are dominant and the default signal becomes proliferation. With 

an apoptotic inducer, apoptosis-inducing molecules are dominant and the default signal 

becomes apoptosis.

1.3.5 Inhibitors o f  apoptosis

Extrinsic and intrinsic apoptotic signals are processed and regulated by molecules 

such as Apaf-1, Bcl-2 family members and lAPs. Anti-apoptotic Bcl-2 proteins regulate 

the release o f cytochrome C and lAPs regulate the cascade of catalytic processing of pro- 

caspases. The inhibitors of each specific reaction are very important as research tools and 

as clinical drugs to inhibit cell death in vivo. The first apoptotie inhibitor, crmA, was
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identified in the cowpox virus as a self-defense system against the apoptotic machinery of 

infected cells. A variety of inhibitors, which are the products of viral and cellular genes 

and artificial caspase inhibitors (e.g., FLICA), repress the function of several apoptosis 

members, especially caspases (Table 1.6) (6,31,34,35,85,164,165,182).

1.4 B rief Summary

Two major apoptotic pathways have been discovered so far. The first pathway is 

the ‘intrinsic apoptotic pathway’ (Fig.1.1). It is stimulated by cellular stress from many 

inducers such as cytotoxic agents, growth factor deprivation, ionizing radiation and 

mitogenic oncogenes. These stimuli and the interaction of Bcl-2 family members, 

especially pro-apoptotic Bcl-2 members, promote the release of cytochrome C into the 

cytosol. Cytochrome C and Apaf-1 form an oligomeric complex called the apoptosome 

with pro-caspase 9, which then activates caspase 9, the initiator caspase (Fig. 1.5). 

Activated caspase 9 starts the downstream activation of apoptosis by activating caspase 3, 

the main effector caspase. Activated caspase-3 cleaves ICAD and releases CAD. 

Activated CAD starts the degradation of DNA into nucleosomal fragments (116,117), 

which is detected by the DNA ladder assay and TUNEL (Fig.l .4).

The second pathway is the ‘extrinsic apoptotic pathway’ (Fig.1.2). It is stimulated 

by extracellular binding o f death receptors such as Fas/CD95/APO-l with their respective 

ligands. When ligands bind the receptor, the receptors undergo oligomerization, DD in 

the receptor recruits other DD containing adapters (i.e., FADD). This complex is called
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Table 1.6. Inhibition o f  m ammalian caspases, Bax and others by viral, mammalian caspases inhibitors and 
chemical inhibitors (6,31,34,35,85,164,165,182)

Inhibitors

BAX cycloheximide

Caspase 1 crm A, synthetic caspase inhibitor

Caspase 2 synthetic caspase inhibitor

Caspase 3 Viral p35, XIAP, synthetic caspase inhibitor

Caspase 4 synthetic caspase inhibitor

Caspase 5 crm A, synthetic caspase inhibitor

Caspase 6 Viral p35, synthetic caspase inhibitor

Caspase 7 XIAP, synthetic caspase inhibitor

Caspase 8 crm A, Viral p35, synthetic caspase inhibitor

Caspase 9 synthetic caspase inhibitor

Caspase 10 synthetic caspase inhibitor

Granzym e B PI-9/GBI

lAP Smac/DIABLO (inhibitor o f  inhibitors)

PT pore cyclosporin A

A bbreviation and explanation: crm A, cowpox virus product cytokine response m odifier A; p35, 
baculoviral protein; lAP, inhibitor o f  apoptosis; XIAP, X-linked inhibitor-of-apoptosis protein; Synthetic 
caspase inhibitor, developed based on the substrate cleavage sites o f  the caspases; Pl-9, cytotoxic 
lymphocyte serpin protease inhibitor 9, close relative o f  crm A; GBl, granzyme B Inhibitor; Smac, second 
m itochondria-derived activator o f  caspases; DIABLO, direct lAP binding protein with ]pw pi; PT pore, 
perm eability transition pore.
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DISC. A DED in FADD is exposed when FADD binds to the death receptor. A DED in 

FADD binds to a DED in the prodomain of pro-caspase 8. Combining two pro-caspase 8 

molecules together induces autocatalytic activity forming caspase 8 molecules, providing 

a crucial link between Fas/CD95/APO-l and caspase cascades (Fig. 1.3). These activated 

caspases activate effector caspases 3, 6 and 7. Thus, death receptors function as a passage 

for the transmission of extracellular death signal to the cytosol. Moreover, activated 

initiator caspase 8 activates cytosolic Bid. The activated Bid (tBid) inserts into the 

mitochondrial outer membrane where it causes the release of cytochrome C. The released 

cytochrome C is involved in the same procedures as in the intrinsic pathway. Finally both 

branched signals combine in the effector caspase 3 step. Two major and one minor 

branched apoptotic pathways with different triggers converge at a caspase 3 step and 

execute apoptosis.

1.5 Hyperthermia-Induced Apoptosis

Cells that are heated to a few degrees above physiological temperatures 

(hyperthermia) undergo apoptosis and become sensitive to radiotherapy and many 

antitumor agents. Radiotherapy in combination with hyperthermia or antitumor agents 

can improve therapy, so the cellular response to hyperthermia is of great clinical interest.

1.5.1 Morphology and DNA Fragmentation

The light microscopic and ultrastructural appearances of cells undergoing

apoptosis induced by hyperthermia are identical to those induced by a wide variety of

other agents. As is the case with apoptosis in general, hyperthermia induces a series of
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apoptotic phenomena such as chromatin condensation, convolution of the nuclear and cell 

membranes, fragmentation of the nucleus and formation of apoptotic bodies. DNA 

extracted from cells undergoing hyperthermia-induced apoptosis also shows the same 

selective cleavage into oligonucleosomal-sized DNA fragments as usual.

1.5.2 Kinetics

Induction of apoptosis by hyperthermia occurs very rapidly. In the intestinal 

crypts of rats and in cultures of murine mastocytoma for example, significantly elevated 

levels of apoptosis are observed immediately after the completion of a 30 min period of 

43 or 44 °C heating (2,75). Apoptosis peaks in mastocytoma cultures at between 2 and 4 

h, and then decreases as the apoptotic bodies undergo secondary necrosis and are 

degraded to debris. By 24 h, apoptotic counts have returned to levels approaching control 

values (75). Apoptotic bodies formed in culture are not phagocytosed and eventually 

undergo spontaneous degeneration. While the lag period (time between eompletion of 

heating and onset of apoptosis) varies among different cell types, apoptotic inducer and 

detection methods used, once underway, the kinetics of the apoptotic process itself 

appears to be similar. Cells undergoing apoptosis in vivo following hyperthermic 

treatment are rapidly phagocytosed and digested by nearby resident cells or macrophages 

and all evidence for their occurrence in tissues may be lost within about 8 to 12 h (102).

1.5.3 Sensitivity  o f  cells to apoptotic induction

One of the more interesting findings to have come out of studies of hyperthermia- 

induced apoptosis is that the sensitivity to apoptotic induction varies enormously from
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cell type to cell type. Understanding why some cell types are sensitive or resistant to 

apoptotic induction is important as a reduced capacity of cells to undergo apoptosis 

appears to be associated with the development of cancer and may also be an important 

factor in cancer treatment failures. What makes a cell sensitive to induction of apoptosis 

by hyperthermia or other agents is not clear at present. However, it appears that most of 

the extremely heat-sensitive cell lines have a lymphoid origin, grow as suspension 

cultures and have low levels of constitutively expressed heat shock proteins and bcl-2 

(102).

1.5.4 Heat Dose or Thermal Dose Equivalent

The cell survival curves for heat are similar in shape to those obtained for x-rays 

(an initial shoulder followed by an exponential region), except that the time of exposure 

to the elevated temperature replaces the absorbed dose of x-rays. The similarity in the 

shape of the cell-survival curves for heat and x-rays may be misleading, however, since 

the amount of energy involved in cell inactivation is a thousand times greater for heat 

than for x-rays. This reflects the different mechanisms involved in cell killing by heat and 

x-rays (73). The slope of an Arrhenius plot of various levels of hyperthermia gives the 

activation energy of the chemical process involved in the cell killing. The similarity of 

the activation energy for protein denaturation to the activation energy for heat 

cytotoxicity, calculated from the Arrhenius analysis, led to the hypothesis that the target 

for heat cell killing may be a protein or proteins. The structural chromosomal proteins, 

nuclear matrix, cytoskeleton, repair enzymes and membrane components have all been 

identified as possible targets that are denatured by hyperthermia (73).
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The effects of heat are primarily dependent on time of heating at a given 

temperature. The relationship between treatment time and temperature for a biological 

isoeffect (the Arrhenius plot) has been confirmed for a variety of normal tissues and 

tumors. A marked change of slope occurs somewhere between 42 °C and 43 °C (188). 

Above this transition temperature the slope is consistent for a variety o f cells and tissues. 

For temperature above 43 °C, it is generally agreed that a 1°C rise of temperature is 

equivalent to a reduction of time by a factor of 2 to give equal killing (Eq. 1.1) (28).

—  = 2 ^ '  (Equation 1.1)
h

where tiand t2 are the heating times at temperatures T| and T2 respectively, to produce 

equal cell killing, e.g. 43 °C for 60 min equals 44 °C for 30 min equals 45 °C for 15 min. 

For temperatures below the transition temperature an increase in temperature by 1°C 

requires that time be decreased by a factor of 4 to 6 (Eq.1.2) (28).

—  =  (4 /o 6 )^ ' (Equation 1.2)

Therefore, when defining thermal doses in hyperthermic studies, both the time and 

temperature of heating are equally important determinants. The equivalent heating time 

at 43 °C (the heat dose or thermal dose equivalent) may be calculated from one or the 

other of these expressions or a combination of both. In principle, at least, the heat dose
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associated with a changing temperature may be calculated as the sum of equivalent 

heating times at 43 °C for each temperature (73,157).

1.5.5 Mechanisms o f hyperthermia-induced apoptosis

When cultured cells are subjected to elevated temperatures, they respond by 

synthesizing a small number of highly conserved stress proteins, commonly called heat 

shock proteins (hsps). In vertebrate species, this stress-induced transcriptional 

enhancement is due to the activation of heat shock transcription factor 1 (HSFl), which is 

capable o f specifically binding heat shock element (HSE). When cells are stressed, 

homotrimerized HSFl translocates into the nucleus and is then hyperphosphorylated 

(77,194,201). The hsps, which are also expressed constitutively in cells, play an 

important role in normal cell physiology as well as heat shock. One of their more 

important functions is to protect organisms from the toxic effects of heating. They fulfill 

this function by binding to and stabilizing unfolded or partially denatured proteins, thus 

preventing the formation of damaging aggregates. Furthermore, the synthesis of hsps 

correlates with thermotolerance. Cell death from hyperthermia can result from necrosis or 

apoptosis, depending on the severity of the heat stress. There may be a critical 

temperature above which cells respond by necrosis rather than apoptosis.

1.6 The time-course o f apoptosis

The fraction of cells undergoing programmed cell death or apoptosis at a 

particular time-point is valuable information to evaluate the effectiveness of therapy for a
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variety o f diseases. Induction of apoptosis occurs at different rates depending on the cell 

line and apoptotic inducer. For example, significantly elevated levels of apoptosis are 

observed immediately after the completion of a 30 min period of 43° or 44°C heating or 

6.25-pg/ml etoposide treatments in HL-60 cells (see Chapter 3 and 6). However, because 

apoptosis is a kinetic event, this estimation of the percentage or fraction of apoptotic cells 

(apoptotic index, AI) can be inaccurate and underestimated by the disintegration of 

apoptotic cells. Moreover, each apoptotic assay can detect apoptotic cells only in specific 

time-windows based on its detection method (e.g. caspases, TUNEL, annexin V, etc). 

The time window depends on the time of appearance of apoptotic cells after the inducing 

event and the length of time before apoptotic cells disintegrate in culture or are 

phagocytosed in vivo, or are no longer responsive to the specific assay. The cell type and 

apoptotic inducer also make the length of the time-window variable. Once the individual 

cells pass the specific time-window of the assay they are not counted as apoptotic cells. 

For example, the fraction of apoptosis after hyperthermia peaks at between 2 and 4 h in 

HL-60 cells, and then decreases as the apoptotic cells pass through the time-window of 

each assay (see Chapter 4). This underestimation of apoptosis is a serious disadvantage 

in interpreting apoptosis induction by therapeutic agents.

The total amount of apoptosis occurring during or after the treatment is much 

more valuable information than the apoptotic index. Two different approaches have been 

used to obtain a more accurate assessment of the incidence of apoptosis. One is to halt the 

apoptotic disintegration process and the other is to calculate the disintegration population. 

The purpose of both methods is to calculate the cumulative apoptotic index (CAI)
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(149,165). The fluorescent inhibitor of caspases (FLICA) FAM-VAD-FMK (6,164) was 

used to arrest cells in apoptosis, thereby preventing their disintegration or exit from the 

time-window of the assay (166). FAM-VAD-FMK is the fluorochrome (FAM)-labeled 

inhibitors of caspases (FLICA), which through the fluoromethylketone (FMK) element 

bind to the active center of the activated caspases. The peptide element of these inhibitors 

defines their specificity; VAD (Val-Ala-Asp) is generic to most caspases. However, the 

FLICA assay has several disadvantages. First, the continuous existence of inhibitor can 

affect the kinetics of apoptosis induction, the cell cycle, and other cell signaling and 

metabolic activities. Second, the FLICA assay is applicable only in the analysis of 

caspase-mediated apoptosis. Third, the existence of additional binding sites for FLICA 

could result in the overestimation of CAl. Fourth, this assay should be carefully tested for 

the proper concentration of FLICA to block the progression of apoptosis. In the second 

approach for CAl, a non-cycling cell line was used so there are no new cells resulting 

from cell division. Thus, the comparison of cell number before and after a treatment 

allow one to calculate the disintegrated cells and correct for them (149). This method is 

not good for cycling cells, though.

1.7 Purpose o f  the Project

Early studies of apoptosis focused on the isolation of mutants for understanding 

the role of genes alone and finding the homologs between species. This step could be 

called a ‘one dimensional analysis’ because it was the step to identify all members in the 

field or prepare to isolate the building blocks in a genomic view. Subsequent research
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tried to discover the functional relationship between genes, understand the connections in 

signal transduction, and categorize each member of a certain group. This work can be 

considered as making a network of interactions in a proteomic view. It could be called a 

‘two dimensional analysis’ or ‘qualitative analysis’ because it was a necessary step to 

develop a big picture o f apoptosis. In the future, understanding of apoptosis must expand 

to include other cellular phenomena such as proliferation with each cell cycle phase, 

differentiation, mutation, and senescence in a cytomic view. This might be known as 

‘three dimensional analysis’ or ‘quantitative analysis’. Cytomics is the functional 

relationships between the cell (Cytome) and the metabolic pathways (Proteomics- 

proteome) resulting from genetic control mechanisms (Genomics-genome) - some relate 

C)domies to what is being termed functional genomics.

In the past study o f cancer therapy, the end point was usually focused on the 

shrinkage of tumor volume. However, cancer could relapse with only a few cancer cells 

surviving after therapy. As the knowledge of genes involved in apoptosis grows, there is 

a need for new tools and models for evaluating therapy at the individual cell level with 

the change of status of multiple genes. In the present study, I have developed three 

techniques; an ‘apoptotic quotient calculation’ to estimate the amount of apoptosis from 

each cell cycle phase, a ‘CAl estimation model’ to calculate the CAl with time course AI 

data, and a ‘cell cycle progression model’ to understand and evaluate apoptosis and its 

interaction with cell proliferation.
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The apoptotic quotient calculation is for estimating how many apoptotic cells 

come from each cell cycle phase. This calculation is performed with Multi-2D® and 

Multicycle® software.

To overcome the disadvantages of FLICA and non-cycling cell assays for 

estimating the cumulative apoptotic index (CAl), as described above, I developed the 

CAl estimation model to estimate CAl by the kinetics of apoptosis. Based on measuring 

apoptotic index (AI) at multiple time points after a treatment, the kinetics of apoptosis 

can be explained as follows; First, the cells which start apoptosis early exit the time- 

window early (‘first in, first out’). Second, the time-window (T,,,) is constant in a 

particular system. Third, the shape of the AI time-dependent graph is a guideline for how 

many phases of apoptosis exist. When the graph is symmetrical (the apoptotic induction 

rate {AIR^ is equal to the decreasing rate), apoptosis take place in a uni-phasic manner. If 

not, it could hi- or multi-phasic. Fourth, the apoptotic induction rate (AIR^ of each phase 

is calculated. Fifth, the length of each phase (T) is calculated.

In order to obtain a comprehensive understanding of the effects of a treatment on 

apoptosis and cell cycle alterations, I developed a cell cycle progression model, which 

determined other important cell parameters. The number of cells counted at each time 

point, the number of induced apoptotic cells at each time point by AI and CAl, and the 

change of cell number in each cell cycle phase between every time point were measured, 

analyzed, and calculated based on the explanation and equations in the Materials and 

Methods section (Chapter 2). A cell cycle progression model was used to calculate all 

constants and variables, including the number of apoptotic cells from each cell cycle
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phase, the existence of cell cycle blocks with cell cycle progression, and cell cycle- 

specific resistance or sensitivity to apoptosis. I defined several parameters for explaining 

the model, which are the apoptotic quotient (ApQ), apoptosis probability index (API), 

efflux coefficient (EC) and the degree of sensitivity. ApQ  represents the amount of 

apoptosis for each cell cycle phase. v4P/represents the number of apoptotic cells expected 

in each phase if the treatment is not cell cycle specific. EC represents the existence of 

blocks in cell cycle phases. The degree of sensitivity indicates whether specific cell cycle 

phases are sensitive or resistant to an apoptotic agent. This study could be extended to an 

analysis of cell cycle progression and apoptosis changes in mutants, and could help to 

understand the molecular basis of cell cycle and apoptosis interactions by diverse 

mutations in genes regulating cell cycle and apoptosis.
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CHAPTER 2 

MATERIALS AND METHODS

2.1 Cell Lines and Cell Culture

Human promyelocytic leukemic HL-60 eells and HCW-2 ceils, a variant of the 

human HL-60 cell line that is resistant to apoptosis, were kindly provided by Z. 

Darzynkiewicz (New York Medical College, Hawthorne, NY) and E.A. Hendrickson 

(Brown University, Providence, RI). The HL-60 cell lines laek the expression of p53 due 

to major deletions in the gene (8). The resistance to apoptosis eharacteristic of HCW-2 

eells results from being unable to release cytochrome C into the cytosol after apoptotic 

stimuli (4,5).

The HL-60 cells were routinely grown in RPMI1640 medium (GIBCO/BRL Life 

Technologies, Inc., Grand Island, NY) supplemented with 10 % fetal bovine serum 

(Nova-Tech, Inc., Grand Island, NE) and lOO-units/ml penicillin, 100 pg/ml streptomycin 

(GIBCO/BRL Life Technologies, Inc., Grand Island, NY), and 2 mM L-glutamine 

(Sigma Chemical Co., St. Louis, MO). They were grown in suspension in 25 cm^ flasks 

(Greiner Labortechnik, CELLSTAR) in a humidified incubator at 37 °C in a 5 % CO2 

environment. HL-60 cell densities in stock cultures were kept below 6 x 10'̂  eells/ml.
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2.2 Induction o f  Apoptosis by Hyperthermia

Appropriate numbers of cells were inoculated into T25 flasks 22-26 hrs before 

heating so that approximately 1 x 10  ̂ exponentially growing cells were present at the 

time of heating. Cells were heated at 45 °C (± 0.1 °C) for 15 min or 30 min, then 

incubated at 37 °C for various times or heated at different temperatures for different times 

for isodose experiments. At selected times cells were collected, centrifuged and fixed (see 

below).

2.3 Induction o f Apoptosis by Chemical Treatments

Cells treated with etoposide, an inhibitor of topoisomerase II (Sigma Chemical Co., 

St. Louis, MO), were used for a positive control. The stock solution of 625-pg/ml 

etoposide in dimethylsulfoxide (DMSO) was stored at -20 °C until used. Etoposide was 

added to 1 x 10® cells in the flask at a final concentration of 6.25-pg/ml (approximately 

10.6 pM) in the medium. After 3 hr of incubation at 37 °C, cells were collected, 

centrifuged and fixed (see below).

2.4 TUNEL Assay

After the induction of apoptosis, cells were fixed in freshly prepared 0.5 % 

paraformaldehyde solution (pH 7.4) at 4° C for 15 min in the dark, centrifuged, then 

fixed in ice-cold 70 % ethanol and stored in a freezer overnight. The cells were labeled 

for apoptosis with the “In Situ Cell Death Detection Kit, Fluorescein” (Roche Diagnostics 

Corporation, Roche Applied Science, Indianapolis, IN) according to recommended
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procedures with modifieations in permeabilization time and temperature to improve 

results. Briefly, fixed eells were centrifuged and washed once in phosphate-buffered 

saline (PBS) containing 1% bovine serum albumin (BSA), then resuspended in 2 ml 

permeabilization buffer (0.1% Triton X-100 and 0.1% sodium citrate in PBS) for 25 min 

at room temperature and washed twice in 0.2 ml PBS/1 % BSA. The cells were 

resuspended in 50 pi TUNEL reaction mixture (TdT enzyme and labeling solution) and 

ineubated for 60 min at 37 °C in a humidified dark atmosphere in an incubator. The 

labeled cells were washed onee in 0.1% Triton X-100 in PBS and washed again in 

PBS/1% BSA, then resuspended in 0.5 ml ice-cold PBS containing 2.5-pg/ml Propidium 

Iodide (PI) and 40 kunits units RNase A (Sigma Chemieal Co., St. Louis, MO) for at least 

30 min. The stained eells were filtered through 40-pm-nylon mesh (Small Parts Inc., 

Miami Lakes, FL) before flow cytometry analysis.

2.5 Bromodeoxyuridine (BrdlJ) labeling assay

For the pulse labeling of BrdU, 50 pi of BrdU (Sigma Chemical Co., St. Louis, 

MO) stock solution (1 mM) was added to a flask of 10  ̂ cells/ml, giving 10 pM BrdU 

final concentration. The cells were incubated for 30 min at 37° C and washed twice with 

5 ml pre-warmed medium and incubated for 3 hr with 6.25-pg/ml etoposide. Cells were 

fixed in iee-cold 70 % ethanol and stored in a cold room (4° C) overnight. Fixed eells 

were centrifuged and washed once in 2 ml PBS, then resuspended in 0.7 ml of 

denaturation solution (0.2 mg/ml pepsin in 2 N HCl) for 15 min at 37 °C in the dark and 

suspended with 1.88 ml IM Tris buffer (Trizma base. Sigma Chemical Co.) to terminate 

the hydrolysis and washed in 2 ml PBS. The cells were resuspended in 100-pl anti-BrdU
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antibody (DakoCytomation, Carpinteria, CA) with 1:30 dilution in TBFP permeable 

buffer (0.5 % Tween-20, 1 % bovine serum albumin and 1 % fetal bovine serum in PBS) 

and incubated for 25 min at room temperature in the dark and washed in 2 ml PBS. The 

primary antibody-labeled cells were resuspended in 200 pi Alexa Fluor® F(ab ')2  fragment 

of goat anti-mouse IgG (H+L) (2 mg/mL) (Molecular Probes, Eugene, OR) with 1:200 

dilution in TBFP permeable buffer and incubated for 25 min at room temperature in the 

dark and washed in 2 ml PBS, then resuspended in 0.5 ml PBS containing 10 pg/ml PI 

and 40 Kunits units RNase A at least 30 min before analysis by flow cytometry. The 

stained cells were filtered through 40-pm-nylon mesh (Small Parts Inc., Miami Lakes, 

FL) before flow cytometry analysis.

2.6 Flow Cytometry Analysis

All cell samples were analyzed with a Coulter LPICS V cell sorter (Coulter, Miami, 

FL) interfaced to a Cicero data acquisition and display system (DakoCytomation, Inc., 

Fort Collins, CO) using 500 mW at 488 nm. Integral green fluorescence (IGFL) was 

measured between 515 and 530 nm and integral red fluorescence (IRFL) was measured 

above 610 nm. Fluorescence histograms were gated on forward angle light scattering to 

exclude debris and clumped cells. Gating on peak versus integral fluorescence of the 

propidium iodide signal was set to eliminate clumped cells.
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2.7 Computer and software packages

DNA histograms and dual parameter (bivariate) histograms were analyzed using 

the Cieero data aequisition and display system software as well as Multi-2D® and 

Multicycle® (Phoenix Flow Systems, San Diego, CA) software. The regression analysis 

and calculation were performed with SigmaPlot® and Microsoft Excel® software. The 

programs were executed on a personal computer.

2.8 Quantitative Analysis o f  Data

To determine the fraction of the population that was undergoing apoptosis, a region 

was placed around the apoptotic population on a bivariate histogram. The Cieero program 

calculates the number of cells in the selected region. To determine the cell cycle 

distribution of the normal or non-apoptotic cell population, the data in a region of the 

bivariate histogram containing non-apoptotic cells were saved by the Multi-2D program 

as a single-parameter DNA histogram. The saved file was analyzed with Multicycle for 

the cell cycle distribution (Fig. 2.1).

2.9 Cell Division Rate Measurement

Cell division rates were measured using the number of cells counted with a Particle 

Data Cell Counter (Micromeritics Instrument Corporation, Norcross, GA). The number 

of cells after time t in a population of Nq cells is calculated, assuming exponential growth, 

by Equation 2.1.
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Figure 2.1. The procedure for analyzing the cell cycle population with Multicycle® and Multi-2D® 
software.
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TV  ̂ =  N  (Equation 2.1)

After counting the number of cells at each time point, the cell division rate, b, between 

each time point was calculated from Eq. 2.2 or by a nonlinear regression of the cell 

growth curve with SigmaPlot® software.

, 1 ,b  =  — ln(— - )  (Equation 2.2)
t  N q

2.10 Potential Doubling Time (Tpotl Method

Tpot is a measure of cell cycle time that takes into account growth fraction but not 

cell loss. By measuring the relative movement of the BrdU positive population, potential 

doubling time (Tpot) was calculated by Eq. 2.3.

T
Tpof =  A * (Equation 2.3)

Where Ts is the length of S phase, L I  (labeling index) is the fraction of cells synthesizing 

DNA, and 2 is a correction factor for the nonlinear distribution of cells through the cell 

cycle (2,6,7). Ts can be measured by the relative movement of the BrdU labeled cells and 

culture time. The relative movement (RM) was calculated by Eq. 2.4.

F  —F
R M  = -----   —  (Equation 2.4)

^G2!M ~ ^ G \

Where Fl is the mean IRFL (fluorescence intensity from PI staining) of the BrdU labeled 

cells. Fqi and Fg2/m are the mean IRFL of Gi and G2/M cells, respectively. Fl at time 0 is
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approximately half way between Fqi and Fq2/m] thus RMq (the relative movement at time 

zero) is assumed to be 0.5 in Eq. 2.5.

l - R M   ̂ 0.5 ^
7 ^ = -----------------    t  (Equation 2.5)

R A i- R A i  RA^-0.5

Where RMt is the relative movement at time t and t is the sampling time. LI is calculated 

by the fraction of cells labeled with BrdU. X is assumed to be one (2).

2.11 Equations fo r  Cell Growth and Cell Disintegration

The relationship between cell production and cell loss is expressed by Eq. 2.6 (7).

A[Growth] = A[Cell Production] - A[Cell Loss] (Equation 2.6)

where A[Cell Production] is the number of cells produced by cell division and A[Cell 

Loss] is the number of cells disintegrated by apoptosis in a time At. The rate of change in 

the number of apoptotic inducer-treated cells is assumed to be proportional to the number 

of N  cells at any given time. This assumption is expressed by the differential equation 

(Eq. 2.7), which is modified from a previously published model (3).

I L L l =  N ( t )  * [ H t )  -  k i t ) ]  (Equation 2.7)
a t

where N(t) is the number of cells at time t, and b(t) and k(t) represent the division and 

disintegration rates of cells at time t, respectively.
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2.12 Cell Cycle Progression Model

Based on the Multicycle analysis of the cell cycle distributions, the change in the 

number of cells in each phase of the cell cycle after heat shock or etoposide treatment 

was calculated. A model was developed to analyze the progression of cells into different 

compartments (Fig. 2.2). «/ is the probability of Gi cells undergoing apoptosis, ai is the 

probability of Gi cells progressing to S phase, and as is the probability of Gi cells 

remaining in Gi without undergoing apoptosis or progression. Similarly, y? and y represent 

probabilities for transitions for S and G2/M phase cells respectively. A, B, and C are used

to represent Gj, S and G2/M phases for simplicity in the equations. G2 and M are

included in a single phase since they are not resolved in DNA histograms. Aq, Bq and Co 

are the initial number of cells for each population. At, Bt and Ct are the final number of 

cells for each population in the cell cycle phases. For each experiment, the initial total 

number of cells is normalized to 30,000. The following conditions pertain:

Ctj + «2 + = 1

P\ ^  P i Pi, -   ̂ (Equation 2.8)

+ / 2  + T s  = 1

The number of cells undergoing apoptosis is given in Eq.2.9, where AAI represents the 

increasing number of cells undergoing apoptosis and K is the number of cells that have 

disintegrated. AAI and K are calculated with the CAI estimation model (see chapter 4).

ÂOĈ  + + CqŶ  = hAI  +  K  (Equation 2.9)
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Apoptosis

B.P,

Gl (A„) S(Bo) G2/M(Cq)

Figure 2.2. The cell cycle progression model. Only three phases are represented because G 2 and M cannot 
be distinguished in DNA histograms. Cells initially in G |, S or G 2/M  phases (Ao, Bq and Co) may progress 
to the next phase, undergo apoptosis, or remain in the same phase. The number o f  non-apoptotic cells in 
each phase at a tim e t after treatm ent by heat or drugs is A,, B, and C,. Cells may also enter the apoptosis 
com partm ent from any phase. The transition probabilities are «i. Pi and Yi-
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The cell cycle progression model was developed to analyze the distribution of 

cells in apoptosis and in the cell cycle after heating or treatment by etoposide. It is based 

on the number of cells in each cell cycle phase and the number of apoptotic cells before 

and after treating the cells with an agent that causes apoptosis. By comparing the 

differences between the initial and final number of cells in each cell cycle phase with the 

number o f apoptotic cells from each cell cycle phases, a,, Pi and y, can be determined. The 

final number of cells in each phase (At, Bt and Ct) is calculated by adding the population 

remaining in Gi, S or Gi/M to the population moving in from the previous phase (Eq. 

2.10). Note that for each cell progressing from C (G2/M) in Fig. 2.2, two cells enter Gi 

because the number of cells doubles in mitosis.

— AqO!̂  +  ' I C ^ Y  2 — A q ( 1  — cTj — c C j )  +  ' I C q Y  ,

~ ^ 0 ^ 3  AqCCj — Bq{\ — — / ? 2 ) + ^ 0 ^ 2  (Equation 2.10)

c ,  =  C qY q +  B q P ^  =  C q { \ - y , - y ^ )  +  B q P ^

The population of cells in each phase of the cell cycle depends on both influx 

from the previous phase and efflux into the next phase as well as apoptosis occurring in 

that phase (Fig.2.2). Equation 2.11 defines these relationships. The calculation of efflux 

and influx is performed with the non-apoptotic population only. 1 define these calculated 

values as Efflux Coefficients (EC). When the value of EC is greater than zero, cell cycle 

progression from that phase is dominant and when EC is smaller than zero, cell cycle 

delay or block in that phase is dominant. If ECqi, ECs and ECq2 > 0,
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E C ^ , = ^ ( A „ a , - 2 C , r , ) > 0

E C ^ , = - ^ { C , r , - B , p , ) > Q  

Efflux > Influx, indicating Cell Cycle Progression

If ECch ECs and ECg2 in Eq. 2.12. < 0,

ECq] = —— {Aî oCj ~ 2Cq/2)

EC, = —  ( B , j 3 , - A , a f l < 0  (Equation 2.12)

£ C a , = f ( C , r , - B , f i , ) < 0  

Efflux < Influx, indicating Cell Cycle Block

I developed a technique called the apoptotic quotient calculation for measuring «/, 

f i  and ji  directly from flow cjdometry data. The population of apoptotic cells overlaps 

with the non-apoptotic population when single parameter DNA histograms are measured 

with paraformaldehyde fixation (1). Formaldehyde is a cross-linking fixative, which 

makes the cells rigid by covalently linking many surface proteins, as well as DNA. The 

application of the CAI estimation model helps to avoid the double counting and 

overlapping of apoptotic populations. The cell cycle distributions of non-apoptotic cells 

(At, Bt and Ct) were measured by Multicycle from the single parameter data derived from 

a bivariate histogram (Fig. 2.1). The total number of cells in each compartment (Atoi, Bjot

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and Clot) was determined from a Multicycle analysis of the DNA histograms that include 

both apoptotic and non-apoptotic cells. The frequency of apoptotic cells for each cell 

cycle position (ApQoi, ApQs and ApQoi) was calculated by comparing the non-apoptotic 

population with the total number of cells in each cell cycle compartment. Equation 2.13 

gives the cell cycle distributions of the apoptotic cells ApQoi, ApQs and ApQoi.

■^Pg \ ~  ^Tot ~

^ P s ~ ^ T o t ~ ^ t  (Equation 2.13)

^ P g2 ~ ^Tol ~

Thus,

^1 (~ ^P Q a \) — ^ P g\  ̂^0

A (=  ^ P Q s )  -  ^ Ps  ^ ( E q u a t i o n  2.14) 

y  1 (~ ^P Q g2 ) ~ ^ P g2  ̂^0

With this model we can determine aj, f3i and yi and define them as the apoptotic quotient 

(ApQ) from each cell cycle phase. Other variables can be calculated by using Eq. 2.8 and 

Eq. 2.10.

If tt], Ps and yi are all the same, then cells in each cell cycle phase are equally 

sensitive to the induction of apoptosis by a particular agent. In this case, by rearranging 

Eq. 2.9:

yfgCTj +  B qCĈ +  C qC T j — +  K

B q -\-Cq) = M . I  + K  (Equation 2.15)

M I  + K
■ • = A  = = --------------------= API

A + ^ O + C g
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We define ai, Pi and yi from Eq.2.15 as Apoptosis Probability Indices (API). The 

biological significance of this condition is that cells in all three cell cycle phases have the 

same sensitivity to undergo apoptosis.

2.13 Comparison o f Cell Cycle Progression Data

From Eq. 2.8, Eq. 2.9, Eq. 2.10, Eq. 2.11 and Eq. 2.12, we can determine whether 

G], S and G2/M phase cells undergo apoptosis or cell cycle delays based on the values of 

ApQ  and EC. In particular, by comparing ApQ  with API, one can determine whether cells 

are more sensitive to apoptosis in a particular cell cycle phase. In other words, if ApQ  is 

greater than API for each cell cycle phase in cells treated by an apoptotic agent, then 

these cells are more sensitive to that apoptotic agent than predicted by Eq. 2.15. If ApQ  

equals API, the cells are not unusually sensitive to the apoptotic agent in that cell cycle 

phase. If ApQ  is smaller than API, the cells are resistant to the apoptotic agent. In 

conclusion, with this method you can tell (i) how many cells undergo apoptosis (by ApQ), 

(ii) how many cells progress from or remain in each cell cycle phase (by 0 2 , P2, J2 and aj, 

Ps, 73), (iii) how sensitive cells are to undergo apoptosis in each cell cycle phase (by 

comparing ApQ  and API) and (iv) the existence of cell cycle blocks (by the interpretation 

of EC). These definitions and interpretations are summarized in Table 2.1 -  2.3.
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Table 2.1

The explanation for terms used previously

Terms Explanation

ApQ
Apoptotic Quotient, the probability o f  apoptosis in each cell cycle phase 

measured by com paring the cell cycle phase distribution for non-apoptotic 
cells and the entire cell population (i.e., A pQ a, ApQs and ApQo2)

API
Apoptosis Probability Index, the expected probability for apoptotic cells when 
cells in each cell cycle phase have the same probability to undergo apoptosis 

(i.e., APIgi=APIs=AP1c,2)

EC
Efflux Coefficient, the difference between efflux (apoptosis and progression 
to the next phase) and influx (progression from previous phase) (i.e., E C a,

ECs and ECai)
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Table 2.2

Interpretation o f  Efflux Coefficient {EC) for each cell cycle phase cells

EC Efflux or Influx Com ments

G reater than zero Efflux > Influx No Cell Cycle Block

Smaller than zero Efflux < Influx Cell Cycle Block

Equal to zero Efflux = Influx Stationary State

Note: EC, Efflux coefficient from Eq.2.11 and Eq.2.12; Efflux, the number o f  cells leaving phase through 
apoptosis and progression; Influx, the num ber o f  cells progressing from previous phase.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2.3

Com parison between ApQ  and API for each cell cycle phase cells with respect to their sensitivity to
undergo apoptosis

ApQ  and API Sensitive or Resistant

ApQ  > API Sensitive

ApQ < API Resistant

ApQ  = API No Specific Sensitivity

Note: ApQ, A poptosis quotient from Eq.2.13 and Eq,2.14; API, Apoptosis probability indices from E q .2 .15.
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CHAPTER 3 

ANALYSIS OF CELL CYCLE DEPENDENT APOPTOSIS AND 

CELL CYCLE BLOCKS INDUCED BY ETOPOSIDE IN HL-60 AND 

HCW-2 CELLS

3.1 Introduction

Apoptosis is an important mode of cell killing for therapy of a variety of diseases. 

Molecular methods of measuring apoptosis, such as caspase activity, PARP cleavage, and 

the presence o f DNA ladders, can provide qualitative information regarding induction of 

apoptosis by various agents. Flovc cytometry methods can supply more quantitative 

information regarding cell cycle-dependent apoptosis and help achieve an understanding 

of apoptotic processes at the level of individual cells. Since many therapeutic agents also 

cause cell cycle blocks, it is important to try to separate out cell cycle perturbations from 

apoptosis in specific phases of the cell cycle.

Flow cytometry can be used to measure the distribution of cells through the cell

cycle by measuring the DNA content o f individual cells. With standard procedures for

measuring the cell cycle with flow cytometry, apoptotic cells could be counted as cell

cycle arrested cells because apoptotic cells remain in the cell cycle phase in which they

entered apoptosis. This would mask information about cell cycle progression and arrest
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of non-apoptotic cells due to the treatment. For a more complete analysis, bivariate 

histograms of DNA content versus apoptosis can be analyzed to provide information on 

both cell cycle progression and cell cycle specific apoptosis (7,17,19,27).

A quantitative and mathematical analysis of the relationship between cell cycle 

specific apoptosis and cell cycle progression has not yet been developed. Such an 

analysis may be useful in studies exploring the cell cycle response to therapeutic drugs. 

Cancer cells frequently abrogate cell cycle checkpoints while normal cells activate their 

checkpoints in response to DNA damaging agents. The differences between normal and 

cancer cells to a therapeutic treatment could be better understood with the new model 

proposed in this dissertation.

To achieve a more accurate analysis of cell cycle progression, arrest and apoptosis, 

I developed an apoptotic quotient calculation to estimate the amount of apoptosis from 

each cell cycle phase and a cell progression model to understand and evaluate apoptosis 

and its interaction with cell proliferation by calculating the presence o f cell cycle delays 

along with cell cycle progression and cell cycle-specific resistance or sensitivity to 

apoptosis. I defined several parameters for explaining the model (see Chapter 2), which 

are the apoptotic quotient (ApQ), apoptosis probability index (API), efflux coefficient 

(EC) and the degree o f  sensitivity. ApQ  represents the amount of apoptosis for each cell 

cycle phase, AP I represents the number of apoptotic cells expected in each cell cycle 

phase if  the treatment is not cell cycle specific, EC  indicates the presence of cell cycle 

blocks, and the degree o f  sensitivity indicates whether an apoptosis-inducing agent is cell 

cycle phase specific or not.
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In this study, the ceil progression model was tested in two different circumstances: 

(i) the induction of S-phase specific apoptosis with etoposide in HL-60 cells, and (ii) the 

induction of cell cycle blocks with etoposide in an apoptosis-resistant cell line (HCW-2) 

analyzed with BrdU incorporation. The number of apoptotic cells after treatment with 

etoposide was measured by the TUNEL assay and propidium iodide labeling using flow 

cytometry. It is assumed that the cells do not undergo disintegration from late-stage 

apoptosis during the course of the experiments.

3.2 Materials and Methods

In order to test the modeling approach to analyze apoptosis and cell cycle delays 

described in Chapter 2, a system was necessary which would induce a large amount of 

apoptosis in a cell cycle-dependent manner. Human myelogenous leukemic HL-60 cells 

were used since they readily undergo apoptosis in response to a variety of chemical and 

physical agents (1,2,6,7,9,12,16,17,18,23,25,28,30,34). S-phase specific apoptosis was 

induced with the topoisomerase II inhibitor, etoposide (2,12,13,26,30,34). Etoposide is a 

good positive control for analyzing the effects of other apoptotic stimuli on apoptosis and 

cell cycle delays. HCW-2 cells, an apoptotic resistant variant of HL-60 cells (20,21,22), 

were used to analyze cell cycle progression and delays without the complications of 

apoptosis. HCW-2 cells are resistant to apoptosis because they are unable to release 

cytochrome C into the cytosol after apoptotic stimuli (20,21,22). The cell progression 

model was used to calculate cell cycle specific apoptosis and delays. BrdU labeling 

experiments were done to calculate the potential doubling time (Tpot) of cells after
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treatment. The general description for the experimental assays and model was explained 

in Chapter 2. The specific details are provided in figure and table legends.

3.3 Results

3.3.1 Etoposide-induced Apoptosis in HL-60 Cells

HL-60 cells were treated with 6.25-pg/ml etoposide, and then incubated at 37°C 

for 3 hr before measuring apoptosis with the TUNEL assay. Results from an experiment 

which illustrates the apoptotic population are shown in Fig. 3.1. The peak on the left in 

each histogram (in Fig. 3.1A and Fig. 3.1C) represents the cells in G| phase and the peak 

on the right represents primarily the cells in G2 and M phases. Since the G2 and M phase 

cells have the same DNA content, they cannot he distinguished with PI staining. Cells 

between the two peaks are S phase cells, which have DNA content between that of G l, 

and G2/M phase cells. A comparison of Fig. 3 .IB and Fig. 3 .ID shows that etoposide 

causes apoptosis to occur principally in S phase cells.

The DNA histograms in Fig. 3.1A and 3.1C look similar even though a large 

fraction of cells are apoptotic in the etoposide-treated sample because cells were fixed 

with paraformaldehyde, a cross-linking agent that prevents the degraded DNA in 

apoptotic cells from leaking out of the cells. Thus, the apoptotic population was not 

recognized in univariate DNA histograms (Fig. 3.1 A and Fig. 3.1C). To quantitatively 

describe the percentage of cells in each phase o f the cell cycle in Fig. 3.1 A, the DNA 

histograms were analyzed using Multicycle® software. Because the DNA histogram in
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Figure 3.1. Cell cycle distribution o f  control and etoposide-treated (6.25-pg/m l for 3 hr) HL-60 cells and 
dual param eter histogram s showing apoptosis (FITC) and DNA content (IRFL) for control and etoposide- 
treated cells. (A) DNA histogram  for control cells. (B) TUNEL assay for control cells. (C) DNA histogram 
for etoposide-treated cells. (D) TUNEL assay for etoposide-treated cells. In (B) and (D), the Y-axis 
represents the fluorescence intensity o f  F lTC-labeled dUTP incorporated into DNA breaks which are 
characteristic o f  apoptotic cells.
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Fig. 3.1C includes the apoptotic population, they cannot be used for analyzing the ceil 

cycle distribution of the non-apoptotic cells.

The number of cells in each cell cycle phase, including apoptotic and non- 

apoptotic cells, however, could he analyzed by Multi-2D® and Multicycle® software (Fig.

2.1 and Fig. 3 .ID). To quantitatively deseribe the pereentage o f non-apoptotie eells in 

eaeh phase of the eell cycle for an etoposide-treated sample, the data from dual parameter 

histograms for the non-apoptotic population (Region 1, Fig. 3.ID) were saved as single­

parameter DNA histograms by the Multi-2D® program and were then analyzed using 

Multicycle® software. After the numbers of cells for both figures were analyzed from Fig. 

3.1C and 3.ID using Multicycle® software, the data from Region 1 in Fig. 3 .ID could be 

subtracted to get the number of apoptotic cells from eaeh cell cycle phase (Eq. 2.14).

The number of cells in each cell cycle phase and the number of apoptotic cells 

(Region 2, Fig.3.ID) for control and etoposide-treated eells are shown in Fig.3.2. The 

number of cells in S phase decreased drastically concomitant with a large increase in the 

apoptotic population. It is apparent that the apoptotic population mainly came from S 

phase eells after treatment with etoposide.

From Eq. 2.15, a/, Pi and yi (Fig. 2.2) can he calculated, a/, Pi and yi calculated 

in this way are defined as the Apoptotic Quotient (ApQ) in Table 3.1. ApQ  is a measure of 

the probability of apoptosis from each cell cycle phase after treatment. Data from 

Multicycle analysis and the calculated results with comments are shown in Table 3.1. 

These results show that 78 % of S phase cells underwent apoptosis at 3 hr after etoposide
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Figure 3.2. The number o f apoptotic cells and the cell cycle phase distributions o f non-apoptotic cells 
before and after a 3 hr treatment with 6.25-pg/ml etoposide in HL-60 cells. Ap: apoptosis; control, 
untreated cells. The error bar represents the standard error o f  the mean. These data are based on five 
different experiments. The number o f cells in each phase are calculated by analyzing the cell cycle 
distributions with Multicycle®. Control cells are from histrograms such as a Figure 3.1.A. Non-apoptotic 
cell cycle distributions are from Figure 3.1.D region 1. The total number o f cells is 30,000.
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Table 3.1 The effects o f  a 3 hr, 6.25 jig/ml etoposide on the cell cycle distribution and apoptosis in HL-60 
cells, including an analysis o f the efflux coefficient and apoptosis probability index (API) as described.

Control Etoposide-treated sample
Time (hr) 0 3

Cell Numbers 30000 32707
Cumulative Apoptotic Index 0 17718

Gl 8792 8876
Non-Apoptotic Cells S 17608 2323

G2 /M 3600 3790
Gl - 0.314

Apoptotic Quotient (ApQ) S
G2 /M

0.784
0.319

Cell Progression 
(«2, p2, Y2>

«2
h
Y2

-

0.292
0.230
0.752

Apoptotic Probability Index (API) - 0.591

Interpretation o f Efflux 
Coefficient (EC)

Gl
S

G2/M
-

Block
NB

Block

Sensitivity by comparison 
between ApQ and API

Gl

S
G2 /M

-

R

S
R
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treatment, while 31 % of Gi phase eells and 32 % of G2/M phase cells imderwent 

apoptosis. Control cells without etoposide had a low level o f apoptosis (4.38 ± 1.19 %) 

after 3 hr culture. When the model was calculated, the number of apoptotic cells in the 

control sample was neglected.

If cells in each cell cycle phase are equally likely to imdergo apoptosis from an 

apoptotic inducer, then the probabilities for undergoing apoptosis should be equal (a/ = 

Pi = 1 defined these equalities as Apoptosis Probability Indices (API). The API gives

the theoretical probability o f cells undergoing apoptosis from each cell cycle phase with 

the same sensitivity, as described by Eq. 2.16. A comparison of ApQ  (experimental 

results) and API (theoretical expectation) shows whether cells are more sensitive to 

undergoing apoptosis from a particular cell cycle phase than expected theoretically. Thus, 

etoposide, an inhibitor o f topoisomerase 11, specifically killed the S phase cells (Fig. 3.3 

and Table 3.1). If the mechanism of a drug is unknown, this approach could provide a 

good first step for understanding the mechanism of the drug. Results in Table 3.1 show 

that Gl and G2/M phase cells are resistant and S phase cells are sensitive to apoptosis. A 

graphical representation o f the values o f ApQ and API is given in Fig. 3.3.

Interpretation of the values o f Efflux Coefficient (EC) (Eq. 2.12 and Eq. 2.13) in 

Fig. 3.3 and Table 3.1 indicates that cells are blocked in Gi and G2/M but not in S phase. 

The probability o f progression {0 2 , p 2, and >’2 ) in Table 3.1 and the probability o f  

remaining in the phase (0 3 , Ps, and y3) could be calculated by using the values o f ApQ, 

Eq. 2.9 and Eq. 2.11. These experimental results can explain the probability o f cell cycle 

progression and cell cycle delay.

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



O t t4

AH
A... j j r

■0 2 - '

a C2 M

Figure 3.3. The percentage o f  ApQ, API and EC at each cell cycle phase in HL-60 cells. Cells were treated 
with 6.25pg/ml etoposide for 3 hrs.
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Cyclin B1 is the mitotic cyclin whose level increases drastically in G2  phase. 

Cyclin B1 interacts with Cdc2 kinase (CDKl), one o f the cyclin-dependent kinases. 

Camptothecin (topoisomerase I inhibitor) and etoposide treatment showed imscheduled 

early transient increases in the activity o f cyclin Bl/Cdc 2 kinase, which is associated 

with Cdc2 tyrosine phosphorylation without alteration o f Cdc2 or cyclin B1 protein levels 

(32). These data indicate that when cells were cultured with etoposide, heavily damaged 

S phase cells underwent apoptosis during S phase or S phase cells which survived the 

etoposide progressed to the next cell cycle and blocked at the G2/M checkpoint, cells in 

G2 /M phase tried finish their cell cycle and blocked at the Gi checkpoint, and Gi cells 

blocked at the Gi checkpoint.

In this study it was assumed that the disintegration o f cells by apoptosis did not 

take place because the collection time was not long enough. This assumption will be 

explained in detail in Chapter 4. Briefly, the time-window of the apoptotic assay and the 

time for apoptotic cell disintegration to begin are greater than the experiment time. Thus, 

the apoptotic index (AI) was equal to the cumulative apoptotic index (CAI) and 

parameter K in Eq. 2.10 was equal to zero. Apoptotic cells induced by etoposide 

treatment could be accumulated and counted at the collection time without the loss o f any 

cells to disintegration from late-stage apoptosis.

3.3.2 HCW-2 cells with 6.25-jug/ntl etoposide

When HL-60 cells are labeled with BrdU and then treated with agents that induce 

apoptosis, the progression of the BrdU positive population is affected by apoptosis.
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HCW-2 cells were used to demonstrate cell cyele progression, arrest and potential 

doubling time without complications due to apoptosis. HCW-2 cells were pulse-labeled 

with BrdU for 30 min, incubated with 6.25-pg/ml etoposide for 3 hr, washed with 

medium and incubated for various times at 37°C. Control samples were pulse-labeled 

with BrdU but without etoposide treatment and were harvested at the same time points. 

Results from an experiment which illustrates the cell cycle distributions are shown in 

Fig.3.4. Control samples had very similar DNA histograms at all time points, while 

etoposide-treated samples had delayed progression and cell cycle arrest. Cells were 

delayed progressing through S phase at 6, 9 and 12 hr samples and cells were arrested in 

G2  phase at all time points.

The movement o f BrdU-labeled populations o f control and etoposide-treated 

HCW-2 cells are shown in Fig.3.5. BrdU-labeled control cells had a normal cell cycle 

distribution and cell cycle progression. BrdU-labeled S phase cells divided and first 

appeared in Gi phase as a BrdU-labeled population at 3 hr and this population increased 

at later times. After 24 hr the control cells had two cycling cell cycle populations, a 

BrdU-positive and a BrdU-negative population. In contrast, the etoposide-treated cells 

did not begin to divide and appear as BrdU-labeled Gi phase cells until 12 hr and was 

still a very small population after 24 hr. Thus, HCW-2 cells had a delayed progression 

and G2 cell cycle block for at least 12 hr after drug removal. The total number of control 

and etoposide-treated cells are shown in Fig. 3.6. HCW-2 cells treated with 6.25-pg/ml 

etoposide for 3 hr did not have significant cell division for 24 hr. The percentage of cells 

in each cell cycle phase for control cells at each time point are shown in Fig.3.7. The
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Figure 3.4 Cell cycle distributions o f  control and etoposide-treated (6.25-pg/inl for 3 hr) H CW -2 cells. (A- 
F) 0, 3, 6, 9, 12, 24 hr DNA histogram  for control cells. (G) 0 hr DNA histogram  for control cells (H-L) 3 
hr etoposide treatm ent plus 0, 3, 6, 9, 21 hr DNA histogram.
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Figure 3.5 BrdU  positive and negative cell distribution o f  control and etoposide-treated (6.25-pg/m l for 3 
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control cells. (G) 0 hr dual param eter histogram  for control cells (H-L) 3 hr etoposide treatm ent plus 0, 3, 6, 
9, 21 hr dual param eter histogram.
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Figure 3.6 The change in number o f HCW-2 cells as a function o f time after 6.25-ng/ml-etoposide 
treatments. Cell numbers are counted at sample collection time. The dots represent measured values with 
error bars representing + one standard error. The line represents the result o f  nonlinear regression from the 
exponential equation N< = 30037*exp (0.0292*time) for control cells and N, = 29908*exp (0.0023*time) 
for etoposide-treated cells. This regression had a standard error o f estimate equal to 3694 and 2276 cells for 
each samples.
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standard error o f the mean. These data are based on at least three different experiments. (•): Gi phase cells; 
(■): S phase cells; (A): G2 /M phase cells.
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percentages in S and G2 /M phase remained nearly constant and the percentage in Gi 

phase slightly increased. The number o f cells in each cell cycle phase for etoposide- 

treated cells are shown in Fig.3.8. The number o f Gi phase cells started to decrease after 

etoposide treatment and reached the lowest point by 12 hr, then increased by 24 hr. The 

number o f S phase cells increased and reached a peak at 9 hr and then decreased. The 

number o f G2 /M phase cells remained stable for 6 hr, and then increased until 24 hr. After 

3 hr etoposide treatment Gi and S phase cells slowly progressed to the next cell cycle 

phase and accumulated in G2/M phase for at least 24 hrs. It is apparent that cells block at 

the G2  checkpoint after treatment with etoposide in HCW-2 cells.

Tpot is a measure o f cell cycle time that takes into account cell growth fraction, but 

not cell loss. By measuring the relative movement o f BrdU positive cells, potential 

doubling time (Tpot) was calculated as described in Chapter 2. Tpot was calculated with 

previously reported methods (3,35,36,40). A linear regression is analyzed by SigmaPlot® 

software. A linear regression ftmction was used to predict the relationship between the 

data curve and sampling time t. Tpot for control and etoposide-treated sample are shown 

in Fig.3.9, Table 3.2 and Table 3.3. The line represents the result o f linear regression 

(Tpot = a*t + b) Tpot = 0.895*t + 12.5 for control cells and Tpot = 1.13*t + 22.6 for 

etoposide-treated cells. The slopes o f the curves in Fig.3.9 are similar, but the difference 

in the intercepts shows the effect o f etoposide treatment. The early cell cycle delay by 

etoposide was shown at 6 hr (3 -i- 3 hr).

In the analysis o f HCW-2 data with the cell progression model, ApQ is zero

without apoptosis. When control and etoposide-treated (6.25-pg/ml, 3 hr) HCW-2 cells

were labeled with the TUNEL assay, a TUNEL positive population was not detected
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Figure 3.8 The number o f HCW-2 cells in each cell cycle phase after treatment with 6.25-pg/ml etoposide 
for 3 hrs. The number o f cells at 0 hr represents control cells. The error bar represents the standard error of 
the mean. These data are based on three or more different experiments. (•); Gi phase cells; (■): S phase 
cells; (A ): G2 /M phase cells.
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Figure 3.9 The changes o f potential doubling time {Tp„,) for Control and etoposide-treated HCW-2 cells 
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Tpoi (•): BrdU pulse-labeled for 30 min, etoposide-treated for 3 hr and post culture without etoposide. The 
error bar represents the standard error o f the mean. The line represents the result o f  linear regression Tpot =
0.895*t + 12.5 for control cells and Tpot = 1.13*t + 22.6 for etoposide-treated cells.
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Table 3.2 The BrdU  pulse-labeled data for control HCW -2 cells, including an analysis o f  ceil progression 
model and potential doubling time. The data were m easured directly by the experim ents or calculated 
indirectly by interpolation.

Pulse-labeled Population

Time (hr) 0 3 6 9 12 15* 18* 21* 24

Cell Num bers 30038 32788 35790 39066 42643 46547 50808 55460 60537

Gi 10662 12046 13891 16028 18266 20424 22418 24342 26525

Cell Cycle 
phase

S 14297 14558 15447 16735 18269 19952 21800 24000 26982

G 2/M 5079 6184 6452 6303 6108 6171 6590 7118 7030

0=2 - 0.386 0.345 0.318 0.307 0.309 0.320 0.329 0.327

Cell 
Progression 
(«2, P2, Y2)

P2 - 0.270 0.225 0.202 0.202 0.217 0.235 0.238 0.208

Y2 - 0.541 0.485 0.508 0.567 0.639 0.691 0.706 0.713

Relative M ovem ent 0.51 0.71 0.86 0.93 1.00 - - - 1.34

Potential Doubling 
Time (Tpot) - 15.86 16.60 20.64 24.00 - - - 33.84

Interpolated values
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Table 3.3 The BrdU pulse-labeled data for etoposide-treated HCW -2 cells, including an analysis o f  cell 
progression model and potential doubling tim e. The data were m easured directly by the experim ents or 
calculated indirectly by interpolation.

Control Etoposide 3 hr plus Post Culture

Tim e (hr) 0 3 6 9 12 15* 18* 21* 24

Cell Num bers 29909 30116 30324 30534 30746 30959 31173 31389 31606

G, 11644 8469 5932 4072 2918 2483 2771 3770 5459

Cell Cycle 
phase S 13714 16422 18293 19291 19395 18599 16914 14365 10991

G 2/M 4551 5225 6099 7171 8433 9877 11488 13254 15156

«2 - 0.308 0.349 0.384 0.387 0.295 0.057 0.00 0,00

Cell
Progression P2 - 0.064 0.066 0.070 0.076 0.085 0.098 0.117 0.148

(<̂ 2i 1̂ 2; Y2)
Y2 - 0.046 0.040 0.034 0.029 0.025 0.022 0.019 0.016

Interpretation G, - NB NB NB NB NB Block Block Block

o f  Efflux 
Coefficient

S - Block Block Block Block NB NB NB NB

(EC)
G 2/M - Block Block Block Block Block Block Block Block

Relative M ovem ent 0.51 0.63 0.67 0.78 0.85 - - - 0.99

Potential Doubling 
Time (Tpot) - 23.80 34.11 30.25 32.67 - - - 50.98

* Interpolated values

Abbreviation and explanation: NB; no cell cycle block.

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(data not shown). Interpretation of the values of Efflux Coefficient (EC) in Table 3.3 

indicates that when cells were treated with 6.25-pg/ml etoposide for 3 hr and then 

cultured without drug, cells are blocked in G2/M for at least 24 hr, delayed in S phase for 

the first 15 hr and delayed in Gi after 18 hr. These results indicate that etoposide 

activates both the S phase checkpoint and G2 checkpoint as a result of DNA damage, but 

does not activate the Gi checkpoint, probably because p53 is inactivated in these cells.

3.4 Discussion

A variety of approaches have been used to analyze cell cycle responses to physical 

and chemical agents, such as cell cycle simulation (38), kinetic analysis of drug-induced 

cell cycle perturbations (39) and potential doubling time with cell loss (4) and population 

growth (5,37). Another approach is to measure the changes in the cell cycle and killing 

effects by the treatment (31). Recently, a non-cycling cell population was used to 

calculate the disintegration of apoptotic cells by comparing the number of cells before 

and after treatment (29). Another approach used a caspase inhibitor to halt the

disintegration of apoptotic cells to calculate the cumulative apoptotic index (33).

However, these previous approaches did not provide a comprehensive analysis of cell 

cycle arrest, progression, cell cycle-specific sensitivity and degree of apoptosis from each 

cell cycle phase. In this Chapter, I measured, analyzed and calculated all of these

parameters with the model described in Chapter 2.

When cells undergo apoptosis, the length of the process is dependent on the cell 

line and the apoptotic inducer. Apoptosis in HL-60 cells is usually rapid (a few hours)
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and involves a large fraction of the cells. Cells treated with camptothecin, a DNA 

topoisomerase I inhibitor, exhibited about 50 % apoptosis during the initial 8  hr at a rate 

of about 7 % of the cells undergoing apoptosis per hour. After 8  hr, cells entered 

apoptosis for up to 48 hr at a rate of about 1 % of cells per hour (33). Cells progressing 

through S phase were selectively susceptible to apoptosis when treated with 

camptothecin, teniposide, amsacrine, mitoxantrone, H7 (protein kinase C inhibitor) and 

hydroxyurea (17). Several studies demonstrated selective apoptosis of S-phase cells and 

the relative resistance of Gi or Go cells during treatments with this inhibitor (8,11,24).

In this study, apoptosis of HL-60 cells was induced by treatment with the DNA 

topoisomerase II inhibitor, etoposide. TUNEL and bivariate histogram with PI showed S- 

phase specific apoptosis (Fig. 3.1 and 3.3). I developed the apoptotic quotient calculation 

to estimate the amount of apoptosis from each cell cycle phase and a cell progression 

model to analyze the existence of cell cycle-specific sensitivity with the treatment and 

cell cycle arrest. Also, the model can calculate cell cycle progression between each phase 

and the number of cells remaining in each phase.

The results reported here support previous results that apoptotic HL-60 cells mainly

came from S phase (77.9 % = S phase apoptosis/total apoptosis) after etoposide treatment

(15). Though only a small number of cells undergo apoptosis in Gi (15.6 % = Gi phase

apoptosis/total apoptosis) and G2/M (6.5 % = G2/M phase apoptosis/total apoptosis)

phases, it is significant. These results also show that HL-60 cells treated with 6.25-(ig/ml

etoposide for 3 hr are blocked in Gi and G2/M phases. Gi arrest is greater than G2/M

arrest, because the number of cells progressing to G| phase is greater than the number of

cells to G2/M phase after the big loss of S phase cells. The G2/M arrest is not large when
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it is compared to heat shock-induced G2/M block, maybe due to the nature of S-phase 

specific topoisomerase-induced apoptosis. This cell cycle arrest may permit DNA repair 

prior to mitosis. It was previously reported that a larger G2 arrest resulted from a lower 

concentration of etoposide treatment (10,14). Apoptosis could be induced following G2 

block with prolonged drug-treatment time at relatively low drug-concentrations (10,14). 

DNA damage induced by higher doses of etoposide could trigger cell suicide through 

apoptosis directly, without cell progression to 6 2 . This phenomenon may be referred to as 

interphase cell death (34).

The comparison of ApQ and API show that Gi and G2/M phase in HL-60 cells are 

resistant to etoposide and S phase cells are sensitive. This indicates that S phase cells are 

the main target of etoposide. This observation is consistent with the increased sensitivity 

of S phase cells to etoposide reported in the literature (8,11,24). The degree of the block 

and sensitivity to apoptosis could be changed based on the drug concentration and 

treatment time ( 1 0 ).

HCW-2 cells treated with etoposide had an early S phase arrest, a late G| phase 

arrest, a continuous G2/M phase block and increasing Tpot- Cell growth after etoposide 

was minimal. The Tpot increased in control cells due to contact inhibition at higher cell 

concentrations. However, the Tpot increased in etoposide-treated cells due to delays in cell 

cycle progression without apoptosis.

The major differences between the parental cell line (HL-60 cells) and mutant cell

line (HCW-2 cells) after 6.25-pg/ml etoposide treatment for 3 hr are proliferation rate,

eell cycle phase fractions, cell progression, and apoptosis. HL-60 cells had a larger

increase in Gi cells than HCW-2 cells when total number of cells is compared. The rate
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of progression from S to Gi/M (P2) and cell division (7 2) decreased substantially after 

etoposide treatment (Table 3.3) compared to HL-60 cells (Table 3.1) and control HCW-2 

cells (Table 3.2). HCW-2 cells had a more complete G2/M cell cycle arrest than HL-60 

cells. Although HCW-2 cells do not have an apoptotic population because of the lack of 

cytochrome C release from mitochondria, HCW-2 cells should have the same amount of 

DNA damage to S phase cells by etoposide when compared to HL-60 cells.

Thus, heavily damaged S phase HL-60 cells are ahle to undergo apoptosis and 

these are removed from the population. However, HCW-2 cells do not undergo apoptosis 

so the extensive DNA damage causes a pronounced block in G2 and the cells can attempt 

to repair the damage. It is interesting to note that even the cells that were in Gi at the time 

of etoposide treatment subsequently move slowly through S phase and are also delayed in 

G2 (Fig. 3.5).

In summary, the results reported here show that complicated patterns of apoptosis 

and cell cycle perturbations occur after etoposide treatment. The model 1 developed 

allows a more comprehensive analysis of these patterns.

3.5 Appendix

The following is a b rief description o f  the cell progression model procedure.
1) During the Experiment

a) Count the cell num ber before and after
b) M easure the am ount o f  apoptosis and cell cycle phases with TUNEL or any apoptotic m ethods by 

bivariate analysis in fixation with paraform aldehyde and ethanol
2) Data A nalysis and Optimization

a) Total cell number: Calculate the coefficients o f  exponential growth curve based on m easured cell
num ber with curve fitting software (SigmaPlot®, control and several time points)

b) Apoptotic, N on-apoptotic and total population: Analyze the apoptotic, non-apoptotic and total 
num ber o f  cells in each cell cycle phase before and after treatm ent at every tim e point
i) Data analysis with Multi-2D® and Multicycle® software.
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ii) Calculate the coefficients by curve fitting software (SigmaPlot®)
c) Calculate the CAI by A1 curve and determine the cell disintegration rate based on CAI and A / 

curve
i) Calculate the CAI w ith Equations in chapter 4
ii) Calculate the coefficients by curve fitting software (SigmaPlot®)

3) Calculate ApQ, API, each cell progression rate (0 2 , P2 and 7 2 ), and EC  based on equations in M aterials 
and M ethods

4) Analyze the final results and com ment on the data
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CHAPTER 4 

The Estimation of Cumulative Apoptotic Index (CAI) by Time-lapse 

Apoptotic Index (AI)

4.1 Introduction

The degree of programmed cell death or apoptosis at a particular time point 

(apoptotic index or AI) is useful information to assess therapy for a variety of diseases, 

but the total percentage of cells undergoing apoptosis during the treatment is much more 

useful information than the AI at a particular time point. Because apoptosis is a kinetic 

event, an estimation of the percentage or fraction of apoptotic cells can be inaccurate and 

underestimated by the disintegration o f apoptotic cells. Moreover, each assay can detect 

apoptotic cells only in a specific time-window based on the properties of the assay (e.g., 

caspases, TUNEL, annexin V, etc). For example, the presence of phosphatidylserine on 

the outer plasma membrane, which can he labeled with annexin V, is an early event. 

When combined with PI staining, early apoptotic cells are annexin V positive and PI 

negative while late apoptotic cells are annexin V positive and PI positive. Thus, the time 

window for early apoptosis constitutes the time when cells are annexin V positive and PI 

negative. The cell type and apoptotic inducer also make the length of the time-window 

variable. Once individual cells pass the specific time-window of the assay they are not
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counted as apoptotic cells until they disintegrate in the late stages of apoptosis. This 

underestimation of apoptosis has a couple of critical disadvantages in apoptosis research. 

First, the underestimation affects the assessment of the relationship between drug dose 

and cell death. When the cumulative apoptotic index (CAI) is used for the dose 

dependence o f apoptosis, the results are more aceurate. Second, the change in the number 

o f apoptotic cells in each time interval cannot be calculated using AI. Thus, time- 

dependent kinetic analysis of apoptosis is not available. Cell cycle analysis combined 

with CAI can provide greater insight into the kinetics of apoptosis as well as cell cycle 

progression.

Previously, two different methods were used to obtain a more accurate assessment 

of the incidence of apoptosis. One is to halt the apoptotic disintegration process and the 

other is to calculate the disintegration population. The ultimate goal of both methods is to 

calculate the CAI (8,10). In the first method, known as stathmo-apoptosis, the fluorescent 

inhibitor of caspases (FLICA) FAM-VAD-FMK (1,9) was used to arrest cells in 

apoptosis, thereby preventing their disintegration, passage and exit from the time-window 

of the assay (11). FLICA hinds to the active center of the activated caspases through the 

fluoromethylketone (FMK) portion. The peptide portion of these inhibitors defines their 

specificity; VAD (Val-Ala-Asp) is generic to most caspases (Table 1.2) (7). However, the 

FLICA assay has several disadvantages; first, the continuous existence of the inhibitor 

can affect the kinetics of apoptosis phenomena, including loss of integrity of the plasma 

membrane, cell cycle, and other cell signaling and metabolic events. Second, the FLICA 

assay is applicable only in the analysis of caspase-mediated apoptosis. Third, the 

existence of additional binding sites for FLICA could result in an overestimation of CAI.
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Fourth, this assay should be carefully tested to get the proper concentration of FLICA to 

completely block progression of apoptosis.

In the second approach for CAI, a non-cycling cell line was used. When analyzing 

the apoptotic mechanism in a non-cycling cell population, there is no newly dividing cell 

population. Thus, the comparison of cell numbers at two different time points allows one 

to calculate the disintegrated cells (8 ). This method also has some disadvantages; first, 

the method can only be used for non-cycling cells. Second, even though the addition of 

disintegrated cells to AI at each time point gives better AI data, it still cannot directly 

explain CAI because the end of the time-window in this technique is not necessarily the 

same as the starting time of disintegration. This technique is only useful if  the apoptosis 

process take place very fast and apoptotic integration finishes before the sampling time. 

The gaps between them could cause an underestimation of AI.

To overcome these disadvantages of FLICA and non-cycling cell assays for 

estimating CAI, I propose a new model to estimate CAI using the AI kinetics data based 

on measuring AI at multiple time points. Previously, apoptosis induction by TNF-a plus 

cycloheximide and camptothecin treatment occurred in two phases with different 

apoptosis induction rates as measured by FLICA (10). Thus, I assume that apoptosis may 

progress with multiple phases and the time-window (T,f) is constant in all phases. Several 

variables are also introduced: the apoptotic induction rate (percent apoptotic cells / hour) 

{AIRi, i= 1, 2, 3 etc) and the time of each phase (T,, i= 1, 2, 3 etc). To better understand 

each case o f multi-phasic apoptosis, general calculations and graphs of AI and CAI are 

presented.
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The kinetics of apoptosis are explained as follows: first, the shape of the AI time- 

dependent curve is a guideline for how many phases of apoptosis exist. When the graph is 

symmetrical, apoptosis take place in a uni-phasic mode. If not, it could have bi- or multi- 

phasic modes. Second, the number of plateau regions indicates how many different 

apoptotic phases exist. One plateau or peak indicates there is at least one phase in AI 

data. Third, the time-window which can be different in different assays and different 

cell lines, is calculated. Fourth, the apoptotic induction rate {AIRi, R 2, 3 etc) of each 

phase is calculated. Fifth, the length of each phase (T,, i= 1, 2, 2 etc) is calculated. There 

are three assumptions which I have made for the CAI estimation. First, cells which start 

apoptosis early exit the time-window early (first in, first out). Second, the time-window is 

a constant width within each phase. Third, the apoptotic induction rate {AIRi) is equal to 

the rate of movement out of the time window. Thus, it should show a linear symmetrical 

shape in each individual phase. This analysis is very similar to the concept of Fraction of 

Labeled Mitoses curves (6 ) where cells move into and out of a mitotic window, but in 

this case they are apoptotic windows and multiple phases can exist.

4.2 Materials and Methods

The general information for the experiments was explained in Chapter 2 Materials 

and Methods. Detailed and specific information is provided in figure and table legends.
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4.3 Results

4.3.1 Uni-phasic apoptosis

The major characteristic of uni-phasic apoptosis is the existence of linear 

symmetry in the AI curve. Uni-phasic apoptosis has one plateau or peak and one AIR,. 

Uni-phasic apoptosis has three coefficients: AIRj, T„, and Tj. The shapes of AI and CAI 

curve have two general cases which are dependent on the relationship between T,,, and T/ 

(Figure 4.1 and Figure 4.2).

4.3.1.1 C a se I .I fT „ < T i

As an example, w htnAIR i  equals 6 , T,,, equals 8 , and Ti equals 12, the calculation 

data (top) and resulting shapes of the AI and CAI curves (bottom) are as shown in 

Fig.4.1. The duration of the plateau area is the difference between and T[. The first 

decrease in AI begins at the endpoint of T/. The calculation is performed with Eq. 4.1.

A I\ = CAI\ = AIR, *t 

AI2  = AIR, *

A B  = AIR ,^{T„+ T, - t )  

CAI2 = AIR, * T,

(Equation 4.1)

4.3.1.2 C a se ll .lfT ^ > = T ,

When AIRj equals 6 , Uv equals 12, and T] equals 8 , the calculation data (top) and 

shapes of the AI and CAI curves (bottom) are as shown in Fig.4.2. The duration of the 

plateau is the difference between and T/. The first decrease in AI begins at the 

endpoint of Tw The calculation is performed with Eq. 4.2. The AI curves with different 

CAI in eases I and II give the same results even though different coefficients are used.
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Time AI CAI
1 6 6 6
2 6 6 12 12
3 6 6 6 18 18
4 6 6 6 6 24 24
5 6 6 6 6 6 30 30
6 6 6 6 6 6 6 36 36
7 6 6 6 6 6 6 6 42 42
8 6 6 6 6 6 6 6 6 48 48
9 6 6 6 6 6 6 6 6 48 54
10 6 6 6 6 6 6 6 6 48 60
11 6 6 6 6 6 6 6 6 48 66
12 6 6 6 6 6 6 6 6 48 72
13 6 6 6 6 6 6 6 42 72
14 6 6 6 6 6 6 36 72
15 6 6 6 6 6 30 72
16 6 6 6 6 24 72
17 6 6 6 18 72
18 6 6 12 72
19 6 6 72
20 0 72

CAI 2AI

CAI
CAI

60

A I2

U 40
A I3

AI,

Tw + T,

Tw

0 5 10 IS 20 25

Time (hr)

Figure 4.1 The AI and CAI curves for uni-phasic apoptosis for uni-phasic apoptosis curve if  T„ < Ti, 
AIRi=6, Tw=8, and Ti=I2. Top: data format and calculation. Bottom: uni-phasic apoptosis curve.
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Time AI CAI
1 6 6 6
2 6 6 12 12
3 6 6 6 18 18
4 6 6 6 6 24 24
5 6 6 6 6 6 30 30
6 6 6 6 6 6 6 36 36
7 6 6 6 6 6 6 6 42 42
8 6 6 6 6 6 6 6 6 48 48
9 6 6 6 6 6 6 6 6 48 48
10 6 6 6 6 6 6 6 6 48 48
11 6 6 6 6 6 6 6 6 48 48
12 6 6 6 6 6 6 6 6 48 48
13 6 6 6 6 6 6 6 42 48
14 6 6 6 6 6 6 36 48
15 6 6 6 6 6 30 48
16 6 6 6 6 24 48
17 6 6 6 18 48
18 6 6 12 48
19 6 6 48
20 0 48

80

— AI70

-— CAI

60

AI2 CAI 250

Zlid
U  40 
04bd

30

CAIl

Tw + T,A ll AI3
20

10

Tw
0

0 5 10 15 20 25
Time (hr)

Figure 4.2 The AI and CAI curves for uni-phasic apoptosis for uni-phasic apoptosis curve if  T„ >= Ti, 
AIRi=6, Tw=12, and Ti=8. Top: data format and calculation. Bottom: uni-phasic apoptosis curve.
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Thus, when CAI is calculated from the AI curve, the calculation has to be done using 

both cases. For the decision of right CAI, the comparison of CAI is performed when dose 

of treatment is doubled or tripled.

A ll  = CA/1 = AIR, * t 

A l l  ^  AIR,

AI3 = A IR ,^{T ^ ,+ T ,- t)  

CAI2 = AIR, *T,

(Equation 4.2)

4.3.2 Bi-phasic apoptosis

The major characteristics of bi-phasic apoptosis are non-symmetrical curves and 

the existence of two plateaus in the AI curve. Bi-phasic apoptosis has five coefficients: 

AIRi, AIR2, Tw, Ti and T2. The AI and CAI curves have four general cases which are 

dependent on two relationships between and Ti, and between (Tv+Ti) and (T1+T2).

4.3.2.1 Case I. I f  T,, < Ti, (Tw+Ti) < (T1+T2)

W henJ/i?/ equals 6 , AIR2 equals 2, T„, equals 8 , Tj equals 10, and T2 equals 12, 

the data and AI (blue solid line) and CAI (pink solid line) curves are as shown in Fig.4.3. 

To calculate the CAI curve, the first phase of apoptosis had to be estimated using 

symmetry considerations. AI increased at a rate of AIRi until the beginning of the first AI 

plateau was located. This point was the endpoint of Tw Next, the first point where AI 

started decreasing was located. This point was the endpoint of T/. Then a curve was 

calculated that decreased at the same rate as the initial increase (AIRi). This symmetrical 

curve constituted the first phase of apoptosis (green dashed curve). Next the first phase 

curve was subtracted from the actual AI curve, resulting in the second phase curve (red
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48 48 48
48 54 48
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44 62 42 2
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36 66 30 6
32 68 24 8
28 70 18 10
24 72 12 12
20 74 6 14
16 76 0 16
16 78 16
16 80 16
16 82 16
16 84 16
14 84 14
12 84 12
10 84 10

8 84 8
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4 84 4
2 84 2

Figure 4.3 (A) The data for calculating AI and CAI curves for bi-phasic apoptosis when bi-phasic apoptosis 
curve if  T„ < I , ,  (T„+T ,) < (Ti+Tj), a=6, b=2, Tw=8, T |=IO  and 12=12.
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CAI 3

CAI 2Tw

 CAI

CAIl 2nd
AI2

Z 5 0

Tw + T,

A l l

Tw + T. + T,

AI5
AI4

0 5 10 15 20 25 30 35

Time (hr)

Figure 4.3 (B) The AI and CAI curves for bi-phasic apoptosis if  T„ < Ti, (T«+TO < (T,+T2 ), a=6, b=2, 
T„=8, Ti=10 and T2=12.

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dashed curve). The length of the first plateau is the difference between T„, and T[. The

length of the second plateau is the difference between {T^^+Ti) and {Ti+Ti). The first

point where AI decreased is the endpoint of Ti and the second point of decreasing A1

after second plateau is the endpoint of T2. The calculation was performed with Eq. 4.3.

A ll  = CAI\ = AIR, * t

A l l  = AIR, * Tw

A B  = AIR, ^(Tw + T , - t )  + AIR,
' ‘ '  (Equation 4.3)

A I4 ^ A IR ^ * T w

AI5 = AIR, *(Tw + T,+T, - t )
CAI2 = AIR, * T, + AIR^

CAI3 = AIR, * T, + AIR, * T,

4.3.2.2 Case II. I fT w <  h ,  (T„+Ti) >= (T1+T2)

W h m A IR i  equals 6 , AIR2 equals 2, T,.„ equals 8 , Ti equals 10, and T? equals 6 , the 

data and shapes of AI (blue solid line) and CAI (pink solid line) curves are as shown in 

Fig.4.4. To calculate the CAI, the first phase of apoptosis had to be estimated. The same 

procedure was used as with the previous case. However, there is no second plateau 

because {B+Ti) is greater than {T1+T2). The first point where AI decreased is the 

endpoint of Ti and the second rate-changing point is the endpoint of T2. The third rate- 

changing point is the endpoint of sum {B+Tf). The second and third rate-changing points 

are not noticeable in the experimental data. Thus, the calculation has to be performed 

with possible cases for the estimation of T2. The calculation was done using Eq. 4.4. The 

first phase o f  apoptosis is shown with the green dashed curve and the second phase of 

apoptosis is shown with the red dashed curve.
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t AI CAI 1st 2nd
1 6 6 6 6
2 6 6 12 12 12
3 6 6 6 18 18 18
4 6 6 6 6 24 24 24
5 6 6 6 6 6 30 30 30
6 6 6 6 6 6 6 36 36 36
7 6 6 6 6 6 6 6 42 42 42
8 6 6 6 6 6 6 6 6 48 48 48 0
9 6 6 6 6 6 6 6 6 48 54 48 0

10 6 6 6 6 6 6 6 6 48 60 48 0
11 6 6 6 6 6 6 6 2 44 62 42 2
12 6 6 6 6 6 6 2 2 40 64 36 4
13 6 6 6 6 6 2 2 2 36 66 30 6
14 6 6 6 6 2 2 2 2 32 68 24 8
15 6 6 6 2 2 2 2 2 28 70 18 10
16 6 6 2 2 2 2 2 2 24 72 12 12
17 6 2 2 2 2 2 2 18 72 6 12
18 2 2 2 2 2 2 12 72 0 12
19 2 2 2 2 2 10 72 0 10
20 2 2 2 2 8 72 0 8
21 2 2 2 6 72 0 6
22 2 2 4 72 0 4
23 2 2 72 0 2
24 0 72 0 0
25 0 72
26 0 72
27 0 72
28 0 72
29 0 72
30 0 72

Figure 4.4 (A) The data for calculating AI and CAI curves for bi-phasic apoptosis when bi-phasic apoptosis 
curve if  Tw < Ti, (Tw+T,) >= (T .+Tj), a=6, b=2, Tw=8, T,=IO and Tz=6.
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Figure 4.4 (B) The AI and CAI curves for bi-phasic apoptosis if  T* < Ti, (T„+Ti) >= (T 1+T2 ), a=6 , b=2, 
T„=8 , Ti=10 and T2 =6 .

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A ll  = CAIl = AIR, *t 

A l l  = AIR, * Tw

A B  = AIR, *{Tw + T, - t )  + A IR ^ '^{ t-T ,)
A M  = AIR, * {Tw + T , - t )  + AIR^ * T, (Equation 4.4)

AI5 = A IR ,*  (Tw + T, + T , - t )

CAI2 = AIR, * T, + AIR, * { t -T ,)

C AB = AIR, * T, + AIR, * T,

4J.2.3 Case III. I fT w  >= h ,  (T^+Ti) < (T1+T2)

W henAIRi  equals 6 , AIR2 equals 2 , T,  ̂ equals 1 0 , E/ equals 8 , and T2 equals 1 2 , 

the data and AI (blue solid line) and CAI (pink solid line) curves are as shown in Fig.4.5. 

To calculate the CAI curve, the first phase of apoptosis had to be estimated using 

symmetry considerations. AI increased at a rate of AIRi until the beginning of the first 

change in slope was located. This point was the endpoint of T/. Next, the first point 

where AI started decreasing was located. This point was the endpoint of T, .̂ Then a curve 

was calculated that decreased at the same rate as the initial increase (AIRi). This 

symmetrical curve constituted the first phase of apoptosis (green dashed curve). Next the 

first phase curve was subtracted from the actual AI curve, resulting in the second phase 

curve (red dashed curve). The length of the first plateau is the difference between T,,, and 

Ti. The length of the second plateau is the difference between {T,„+Ti) and {T1+T2). The 

first point where AI decreased is the endpoint of T,  ̂and the second point of decreasing AI 

after the second plateau is the endpoint of T2. The calculation was performed with Eq. 

4.5.
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t AI CAI 1st 2nd
1 6 6 6 6
2 6 6 12 12 12
3 6 6 6 18 18 18
4 6 6 6 6 24 24 24
5 6 6 6 6 6 30 30 30
6 6 6 6 6 6 6 36 36 36 0
7 6 6 6 6 6 6 6 42 42 42 0
8 6 6 6 6 6 6 6 6 48 48 48 0
9 6 6 6 6 6 6 6 6 2 50 50 48 2
10 6 6 6 6 6 6 6 6 2 2 52 52 48 4
11 6 6 6 6 6 6 6 2 2 2 48 54 42 6
12 6 6 6 6 6 6 2 2 2 2 44 56 36 8
13 6 6 6 6 6 2 2 2 2 2 40 58 30 10
14 6 6 6 6 2 2 2 2 2 2 36 60 24 12
15 6 6 6 2 2 2 2 2 2 2 32 62 18 14
16 6 6 2 2 2 2 2 2 2 2 28 64 12 16
17 6 2 2 2 2 2 2 2 2 2 24 66 6 18
18 2 2 2 2 2 2 2 2 2 2 20 68 0 20
19 2 2 2 2 2 2 2 2 2 2 20 70 0 20
20 2 2 2 2 2 2 2 2 2 2 20 72 0 20
21 2 2 2 2 2 2 2 2 2 18 72 0 18
22 2 2 2 2 2 2 2 2 16 72 0 16
23 2 2 2 2 2 2 2 14 72 0 14
24 2 2 2 2 2 2 12 72 0 12
25 2 2 2 2 2 10 72 0 10
26 2 2 2 2 8 72 0 8
27 2 2 2 6 72 0 6
28 2 2 4 72 4
29 2 2 72 2
30 0 72 0

Figure 4.5 (A) The data for calculating AI and CAI curves for bi-phasic apoptosis when bi-phasic apoptosis 
curve if  T„ >= Tj, (Tw+T,) < (T 1-1-T2), a=6, b=2, Tw=10, T ,=8 and 12=12.
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Figure 4.5 (B) The AI and CAI curves for bi-phasic apoptosis if  T« >= Ti, (T„+Tj) < (T 1+T2 ), a=6, b=2, 
Tw=10, T,=8 and T2=12.
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AI\  = CAIl = AIR, * t

A l l  = AIR, *T, + AIR^ ^ { t - T , )
A B  = AIR,^{Tw + T, - t )  + A IR ^ ^ { t -T ,)
AI4 = A IR ,^T w  (Equation 4.5)

AI5  = AIR^ * (Tw + T , + T , - t )
CAI2 = AIR, * T, + AIR, * ( t - T , )

C A B  = AIR, *r, +AIR, ^T,

43.2 .4  Case IV. I f  Tw >= h ,  (T„+Ti) >= (T1+T2)

When AIRi equals 6 ,A IR 2 equals 2, T,̂ , equals 10, Tj equals 8 , and T2 equals 6 , the 

data and shapes of AI (blue solid line) and CAI (pink solid line) curves are as shown in 

Fig.4.6. To calculate the CAI, the first phase of apoptosis had to be estimated. The same 

procedure was used as with the previous ease. However, there is no second plateau 

because (T,v+Ti) is greater than (T1+T2). The first point where AI decreased is the 

endpoint of and the second rate-changing point is the endpoint of T2. The third rate- 

changing point is the endpoint of sum (Tw+Tf). The second rate-changing point is not 

noticeable in the experimental data. Thus, the calculation has to be performed with 

possible cases for the estimation of J^. The calculation was done using Eq. 4.6. The first 

phase of apoptosis is the green dashed curve and the second phase o f apoptosis is the red 

dashed curve.

A ll  = CAR = AIR,

A l l  = AIR, * T, + AIR, * ( t - T , )
A B  = AIR, ^ (Tw + T, - t )  + A I R ,* ( t - T , )

AI4 = AIR, * (Tw + T , - t )  + AIR, * T,
AI5 = AIR, * (Tw + T , + T , - t )
C A Il  = AIR, * T, + AIR, * ( t - T , )

C A B  = AIR, * T, + AIR, * T,

(Equation 4.6)
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t AI CAI 1st 2nd
1 6 6 6 6
2 6 6 12 12 12
3 6 6 6 18 18 18
4 6 6 6 6 24 24 24
5 6 6 6 6 6 30 30 30
6 6 6 6 6 6 6 36 36 36
7 6 6 6 6 6 6 6 42 42 42
8 6 6 6 6 6 6 6 6 48 48 48 0
9 6 6 6 6 6 6 6 6 2 50 50 48 2

10 6 6 6 6 6 6 6 6 2 2 52 52 48 4
11 6 6 6 6 6 6 6 2 2 2 48 54 42 6
12 6 6 6 6 6 6 2 2 2 2 44 56 36 8
13 6 6 6 6 6 2 2 2 2 2 40 58 30 10
14 6 6 6 6 2 2 2 2 2 2 36 60 24 12
15 6 6 6 2 2 2 2 2 2 30 60 18 12
16 6 6 2 2 2 2 2 2 24 60 12 12
17 6 2 2 2 2 2 2 18 60 6 12
18 2 2 2 2 2 2 12 60 0 12
19 2 2 2 2 2 10 60 0 10
20 2 2 2 2 8 60 0 8
21 2 2 2 6 60 0 6
22 2 2 4 60 0 4
23 2 2 60 0 2
24 0 60 0 0

Figure 4.6 (A) The data for calculating AI and CAI curves for bi-phasic apoptosis when bi-phasic apoptosis 
curve if  T„ > = T i, (Tw+T,) >= (T 1+T 2), a= 6 , b=2, Tw=10, T | = 8  and T 2 =6 .
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Figure 4.6 (B) The AI and CAI curves for bi-phasic apoptosis i f  T„ >= Ti, (T„+Ti) >= (T 1+T2 ), a=6, b=2, 
lOj Ti~8 and
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4.3.3 Multi-phasic apoptosis

The shape o f AI curve in multi-phasic apoptosis depends on the gap between each 

phase. Multi-phasic apoptosis has (2n+l) coefficients with n phases, which are apoptotic 

induction rate {AIRu i= l, 2, 3, etc), T̂ , the length o f phase time (Ti, i= l, 2, 3, etc). When 

AIR] equals 6, AIR2 equals 5, AIR3 equals 4, AIR4 equals 3, AIR5 equals 2, Tw equals 5, 

and Tj equals 6, the shapes o f AI (light blue solid line) and CAI (pink solid line) curves 

are as shown in Fig.4.7. To calculate the CAI curve, the first phase o f apoptosis had to be 

estimated using symmetry considerations as previously described. AI increased at a rate 

of AIR] until the beginning o f the first change in slope was located. This point was the 

endpoint o f or 7;. Next, the first point where AI started decreasing was located. This 

point was the endpoint o f 7; or Tw. Then a curve was calculated that decreased at the 

same rate as the initial increase (AIRi). This symmetrical curve constituted the first phase 

of apoptosis (red curve). Next the first phase curve was subtracted from the actual AI 

curve, resulting in the ‘Al-C* phase’ curve (green dashed curve). The same procedure 

was repeated for getting the second phase curve (dark blue curve). The rest became the 

‘Al-l^*-2"‘* phase’ curve (dark red curve). These procedures were performed until the 

shape o f deduced curve became symmetrical. Thus, when ‘Al-1®* phase’ curve was 

analyzed to obtain the second phase curve, if  there were no more phases, the remaining 

‘Al-l®‘-2”‘* phase’ curve would have the characteristics o f a single phase curve with a 

peak or plateau and a symmetrical shape (Fig 4.1 and Fig 4.2).
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Figure 4.7 The AI and CAI curves for multi-phasic apoptosis. Top: multi-phasic apoptosis curve, AIRi=6, 
AIR2=5, AIRj=4, AIR(=3, AIR5=2, T„=5, and Ti=6. Bottom: multi-phasic apoptosis curve for calculation 
step.
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4.3.4 The calculation o f CAI by A I from hyperthermia-induced apoptosis

For the analysis o f CAI, time-lapse AI data are required. I obtained data from 

experiments using two different doses o f hyperthermia. Dose-dependent data are essential 

for deducing the CAI because a single dose does not give enough information if  CAI is 

less than 100 percent.

4.3.4.1 45.0 ‘f ,  15 min time-lapse apoptosis

HL-60 cells were treated with 45.0 °C for 15 min, then incubated at 37 °C until 

they were fixed and processed for TUNEL analysis. Time-lapse AI data (dark blue 

rhombus) are shown in Fig. 4.8 (top). When each time-point AI was corrected for 

unheated control AI, the resulting AI curve was obtained (pink solid line). AI increased at 

a rate o f 4.5 % /hr up to 3 hr, maintained 13 - 14 % for 4 hr, and then started to decrease. 

It took 14 hrs for AI to decrease from 10 % to 5.5 %. In order to calculate CAI, the first 

phase curve (green dashed line) has to be determined. The first phase is composed o f  

increasing, plateau and decreasing portions. The increasing portion is 4.5 % /hr for 3 hr, 

the plateau lasted 4 hrs, and the decreasing portion is linearly symmetrical with the 

increasing portion. The starting and ending points o f the plateau are the endpoint o f TV or 

Tj. The calculation was done for two cases: in the first case, equals 7, Ti equals 3 and 

AIRi equals 4.5 % /hr, and in the second case, equals 3, Ti equals 7 and AIRi equals 

4.5 % /hr. After the first phase curve was determined, the first phase curve was subtracted 

fi-om the AI curve (Fig.4.8 top for first case calculation). The rest became the ‘AI-C‘ 

phase’ curve (green solid line). The same procedure was repeated for getting the second
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Figure 4.8 The AI and CAI curves for apoptosis from a 45.0 °C, 15 min heat shock. Top: AI data and four 
phases o f  apoptosis curves. Bottom: AI and CAI results. The experiments were performed two or more 
times.
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phase curve (light blue dashed line). The rest became the ‘AI-l®‘-2"‘* phase’ curve (light 

blue solid line). These procedures Avere performed until the shape o f the subtracted curve 

became symmetrical. CAI (pink solid line) was calculated based on the model and is 

shown in Fig.4.8 (bottom). The heat shock for 45.0 °C, 15 min produced 34.8 % 

cumulated apoptosis during the 24 hr post-culture period. The model predicted four 

apoptotic phases: first, equals 7, T; equals 3 and AIRj equals 4.5 % /hr; second, 

equals 7, T2 equals 3 and AIR2 equals 2.8 % /hr; third, equals 7, T3 equals 3 and AIR3 

equals 2.4 % /hr; and fourth, T̂ , equals 7, T4 equals 3 and^/i?.^ equals 1.9 % /hr.

4.3.4.2 45.0 X:, 30 min time-lapse apoptosis

HL-60 cells were treated with 45.0 °C for 30 min, then incubated at 37 °C until 

they were fixed and processed for TUNEL analysis. Time-lapse AI data (dark blue 

rhombus) are shown in Fig.4.9 (top). When each time-point AI was corrected for 

unheated control AI, the resulting AI curve was obtained (orange solid line). AI increased 

at a rate o f 9.9 % /hr up to 4 hr, maintained 3 9 - 4 1  % for 6 hr, and then started to 

decrease. It took 14 hrs for AI to decrease from 39 % to 27.5 %. In order to calculate 

CAI, the first phase curve (pink dashed line) has to he determined. The first phase is 

composed of increasing, plateau and decreasing portions. The increasing portion is 9.9 % 

/hr for 4 hr, the plateau lasted 6 hr and the decreasing portion is linearly symmetrical with 

the increasing portion. The starting and ending points o f the plateau are the endpoint of 

or Ti. The calculation was done for two cases: in the first case, equals 10, T/ equals 

4 and AIRj equals 9.9 % /hr; in the second case, equals 4, T; equals 10 and AIRj equals 

9.9 %/hr. After the first phase was determined, the first phase curve was subtracted from 

the AI curve (Fig.4.9 top for first case calculation). The rest became the ‘AI-U* phase’
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Figure 4.9 The AI and CAI curves for apoptosis from a 45.0 °C, 30 min heat shock. Top: AI data and three 
phases o f  apoptosis curves. Bottom: AI and CAI results. The experiments were performed two or more 
times.
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curve (pink solid line). The same procedure was repeated for getting the second phase 

curve (light blue dashed line). The rest became the ‘AI-l®‘-2"‘* phase’ curve (light blue 

solid line). These procedures were performed until the shape of subtracted curve became 

symmetrical. CAI (pink solid line) was calculated based on the model and shown in 

Fig.4.9 (bottom). The second case is incorrect because CAI goes over 100 %. The heat 

shock for 45.0 °C, 30 min produced 93.6 % cumulated apoptosis during the 24 hr post­

culture. The model predicted three apoptotic phases: first, T„ equals 10, T/ equals 4 and 

AIRi equals 9.9 % /hr; second, 7/̂  equals 10, T2 equals 4 and AIR2 equals 7.5 % /hr; and 

third, Tyv equals 10, T3 equals 4 and AIR3 equals 6.0 % /hr.

4.4 Discussion

Apoptosis is a process of cell death consisting of various cellular activities 

(caspase activation, annexin V flip-flop, DNA fragmentation, loss of membrane potential, 

etc.). Each phenomenon is only active and detected by a specific assay for a specific time 

period, called the time window (r, ,̂). When apoptotic cells pass the time window of the 

assay, they are no longer detected as apoptotic cells and thus contribute to an 

underestimation of apoptosis. The existence of a time window in measuring AI is a 

problem for understanding the kinetics of apoptosis. However, this time-window problem 

could become an advantage for assessing CAI. I developed a model which can estimate 

CAI with time-lapse AI data based on the following characteristics of the time window: 

First, cells which start apoptosis early exit the time-window early (‘first in, first out’); 

second, the time-window is constant for a given cell type with a given inducer of 

apoptosis; third, the apoptotic induction rate {AIRI) is equal to the rate of movement out
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of the time window. Thus, it should have a symmetrical shape for each phase of 

apoptosis. This analysis is very similar to the concept of Fraction of Labeled Mitoses 

curves (6 ) where cells move into and out of a mitotic window, but in this case they are 

apoptotic windows and multiple phases can exist.

A heat shock for 15 min at 45.0 °C produced 34.8 % cumulative apoptotic cells 

during 24 hr post-culture. Analysis by the model predicted four apoptotic phases: first, T,,, 

equals 7, Ti equals 3 and equals 4.5 % /hr; second, 7,̂  equals 7, T2 equals 3 and AIR2 

equals 2.8 % /hr; third, Tî  equals 7, T3 equals 3 and AIR3 equals 2.4 % /hr; and fourth, T„, 

equals 7, T4 equals 3 and AIR4 equals 1.9 % /hr. A heat shock for 30 min at 45.0 °C 

produced 93.6 % cumulative apoptotic cells during 24 hr post-culture. The model 

predicted three apoptotic phases: first, T,̂ , equals 10, T/ equals 4 and AIRi equals 9.9 % 

/hr; second, equals 10, T2 equals 4 and equals 7.5 % /hr; and third, A,, equals 10, 

A? equals 4 and AIR3 equals 6.0 % /hr. When heating time was increased from 15 min to 

30 min, CAI increased 2.69 times (34.8 to 93.6 %), Av increased from 7 hr to 10 hr and A 

increased from 3 hr to 4 hr.

The CAI estimation model revealed important new information about the 

induction of apoptosis by hyperthermia. When the heat dose was increased from 15 to 30 

min, CAI, Av and A were also increased. The increase in CAI and A with a larger heat 

dose resulted in the production of more apoptotic cells and an increase in Ai- means that 

the substrate for the assay existed longer for a greater heat shock.

The analysis also demonstrated that apoptosis developed in several phases with 

different induction rates, and the AIRi decreased as the phase number increased. 

Apoptotic cells in the first phase could be a subpopulation of cells sensitive to the
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specific treatment. For example, S phase cells are sensitive to topoisomerase inhibitors 

(e.g., camptothecin and etoposide) as well as hyperthermia (2). After the sensitive 

population underwent apoptosis, the next phase of apoptotic cells could be dependent on 

several factors, including when damaged cells passed a cell cycle checkpoint after a 

single treatment (e.g., irradiation with post-culture) or when healthy cells progressed into 

a sensitive cell cycle phase during continuous treatment (e.g., continuous culture with 

drugs). Thus, there is a gap between the phases, and the CAI curve increased step-wise 

instead of continuously. Both continuously increasing and step-wise increasing CAI 

curves have been reported with PLICA experiments (10).

CAI could also estimate the kinetics of disintegration of apoptotic cells, but the 

starting point of disintegration could not be determined with our data. Previous 

approaches for calculating the disintegration of apoptotic cells were done in non-cycling 

cell populations (8 ). If one time-window is greater and includes the other time-window, 

that time-window could include part of the cumulative apoptosis from the other time- 

window. For example, the loss of membrane integrity is a very late step (3,4,5) and could 

happen just before disintegration of apoptotic cells. Thus, the time-window for membrane 

integrity measured by dye exclusion is greater than the time-window for other assays 

such as TUNEL. In the annexin V assay, control population showed as annexin V (-)/ PI 

(-) population. Once apoptosis started, early apoptotic population showed as annexin V 

(+)/ PI (-) and late apoptotic population showed as annexin V (+)/ PI (+). Annexin V (-)/ 

PI (+) population is the endpoint of this assay. When apoptosis (-)/ PI (+) population in 

annexin V assay and FLICA assay is measured and plotted, the end point of time-window 

for apoptosis (-)/ PI (+) population could become a starting point of disintegration.
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Cells treated continuously with 0.15 laM eamptothecin and using FLICA had a 

step-wise increase in the apoptosis (-)/PI (+) population (10). Previously it was reported 

that the time-window for DNA fragmentation (TUNEL) is not much different than the 

time-window for the activation of caspases (FLICA) (1). Thus, when the apoptosis (-)/PI 

(+) population in FLICA assay was analyzed with our model, Ti was 12 hr and AlRi was

5.0 % /hr in the first phase, and Z) was 12 hr and AIRj was 2.5 % /hr in the second phase. 

The r,y was greater than 48 hr because the graph increased step-wise without a decreasing 

point. Thus, disintegration did not take place up to 48 hr. This analysis gives 90.0 % CAI. 

This calculation agrees with their published results using continuous FLICA, which could 

block apoptosis progression at the caspase activation step and stop apoptosis before the 

cells disintegrated.

When CAI is compared with clonogenic survival, it should give a much better 

agreement than comparing AI with clonogenic survival. The existence of non-apoptotic 

death, or necrotic death by insult could be inferred by a disagreement of CAI and 

clonogenic survival. This model could also be applied to different types of time-lapse 

data for calculation o f cumulative results. For example, when a particular cyclin is 

measured with flow cytometry, the cumulative number of cells which express cyclin 

could be calculated. This calculation could provide information on the fraction of cycling 

cells in the population. Moreover, the model could analyze how long a specific protein is 

active or functional and the cumulative amount of protein expression. The average life 

span of the protein could be calculated because the time-window of this cyclin represents 

lifetime of this protein. Finally, this model is not limited to certain cell lines and assays.
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does not need special culture treatment, and does not affect the assays, which other assays 

could do.

4.5 Appendix

The following is a b rie f description o f  the ‘CAI estimation with AI deduction m odel’ procedure.
1) Determ ine the first phase curve

a) Calculate the increasing portion and assume a symm etrical decreasing portion
b) Find out the starting and ending points o f  plateau

2) Execute the calculation and analyze with model
a) Perform the analysis with two cases

i) 7'„,=a and T/=b
ii) 7’„,=b and 7’y=a

b) Subtract the first phase curve from the AI curve data
i) I f  ‘A I-C  phase’ curve is symmetrical, this curve is 2"“* phase curve
ii) I f  ‘A I-h ‘ phase’ curve is not symm etrical, repeat the procedure for analyzing 2'"' phase curve

3) Calculate CAI and present the data
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CHAPTER 5

ANALYSIS OF CELL CYCLE DEPENDENT APOPTOSIS AND 

CELL CYCLE BLOCKS IN HL-60 CELLS AT VARIOUS TIM ES

AFTER HYPERTHERM IA

5.1 Introduction

Flow cytometry methods can give quantitative information regarding eell cycle- 

dependent apoptosis and help achieve an understanding of apoptotic kinetics at the level 

of individual cells. Since many therapeutic agents also cause cell cycle blocks, it is 

important to try to separate out cell cycle perturbations from apoptosis in specific phases 

o f the cell cycle.

However, because apoptosis is a kinetic event, apoptotic index (AI) at each time- 

point can be inaccurate and underestimated by the disintegration of apoptotic cells and 

the specific time-window for the specific assays (e.g., caspases, TdT-mediated dUTP- 

biotin nick end-labeling or terminal dUTP nick-end labeling (TUNEL), annexin V etc). 

The cell type and apoptotic inducer also make the length of the time-window variable. 

Once the individual cells pass each specific time-window of the assay they are not 

counted as apoptotic cells until they finally disintegrate and are removed from the
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population. This underestimation of apoptosis may lead to problems in understanding the 

effects o f therapeutic agents.

A quantitative and mathematical analysis of the relationship between cell cycle 

specific apoptosis and cell cycle progression has been developed in previous chapters 

(Chapter 2). The apoptotic quotient calculation, CAI (cumulative apoptotic index) 

estimation model, and cell cycle progression model could solve this problem and result in 

a more accurate analysis. Such an analysis may be useful in studies exploring the cell 

cycle response to therapeutic drugs over an extended period of time. Cancer cells 

frequently abrogate cell cycle checkpoints while normal cells activate their checkpoints 

in response to DNA damaging agents. The differences between normal and cancer cells 

to a therapeutic treatment could be better understood with the new models proposed in 

this dissertation.

Cells that are heated to a few degrees above physiological temperatures 

(hyperthermia) undergo apoptosis (1,5,6,7,8,9,10,11,12,13,14,15,16,18,19) and become 

sensitive to radiotherapy and many antitumor agents. Radiotherapy in combination with 

hyperthermia or antitumor agents can improve therapy, so the cellular response to 

hyperthermia is of clinical interest. Induction of apoptosis by hyperthermia occurs very 

rapidly. Apoptosis peaks in mastocytoma cultures at between 2 and 4 h, and then 

decreases as the apoptotic bodies undergo secondary necrosis and are degraded to debris. 

By 24 h, apoptotic counts have returned to levels approaching control values (8). While 

the lag period (time between completion of heating and onset o f apoptosis) varies among 

different cell types, apoptotic inducer and detection methods used, once underway, the

kinetics of the apoptotic process itself appears to be similar.
139
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In this study, the cell progression model and CAI estimation model were tested in 

two different circumstances: (i) hyperthermia-induced apoptosis with 45.0 °C, 15 min 

heat shock in HL-60 cells; and (ii) hyperthermia-induced apoptosis with 45.0 °C, 30 min 

heat shock in HL-60 cells. The number of apoptotic cells after heat shock was measured 

by the TUNEL assay and propidium iodide labeling using flow cytometry.

5.2 Materials and Methods

The general information for the experiment was explained in Chapter 2 Materials 

and Methods. Detailed and specific explanations are provided in figure and table legends.

5.3 Results

5.3.1 Hyperthermia-induced apoptosis with 45.0 X! 15 min heat shock

My goal in this set of experiments was to analyze the changes of cell cycle

progression, arrest and apoptosis after a 45.0 °C 15 min heat shock. HL-60 cells were

heated at 45.0° C for 15 min and then incubated at 37 °C up to 24 hr to allow apoptosis to

develop. The presence of apoptotic cells was measured with the TUNEL method. The

DNA histograms from an experiment which illustrate cell cycle delays after heating for

15 min at 45.0° C are shown in Figure 5.1. Cell cycle arrest in G2/M phase started to

appear at 4 hr and was maintained up to 12 hr. The dual-parameter histograms from an

experiment which illustrate the apoptotic population for different times after heating are

shown in Figure 5.2. An apoptotic population was evident at 1 hr after heating and was
140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



— J

s
U -.O
USasS'zs

D N A  CO NTENT

- G ’Z H

LLl_ II II -J --• .. •|||,nia|(IBl̂ l̂ BĤ PMW>>WH*yi.i I.,._______ _r

Figure 5.1 Cell cycle distributions for control and heated HL-60 cells at 45.0° C for 15 min. A: control cells 
; B: 0 hr at 37° C after h e a t ; C: 1 hr ; D: 2 hr ; E: 4 h r ; F; 6 hr ; G: 9 h r ; H: 12 h r ; 1: 20 h r ; J: 24 hr.
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Figure 5.2 Dual param eter histogram s showing apoptosis (FITC) and DNA content for control and heated 
HL-60 cells at 45.0° C for 15 min. A: control cells ; B: 0 hr at 37° C after h e a t ; C: 1 h r ; D: 2 h r ; E: 4 h r ; 
F: 6 hr ; G: 9 hr ; H: 12 hr ; I: 20 hr ; J: 24 hr.
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maintained up to 20 hr. Small numbers of apoptotic cells are not shown in the dual­

parameter histograms because the contour levels exclude them. It is apparent that the heat 

treatments caused substantial changes in the cell cycle distribution as well as in the 

apoptosis index with time after heating. The number of apoptotic cells in each sample 

was derived from the dual parameter histograms shown in Fig. 5.2. The total number of 

cells for control and treated samples at each time-point after the treatment is shown in 

Fig. 5.3.

The number of apoptotic cells were determined using the Cicero data acquisition 

and display system software installed in a Coulter EPICS V cell sorter (Coulter, Miami, 

FT) as well as Multi-2D® and Multicycle® (Phoenix Flow Systems, San Diego, CA) 

software. To quantitatively describe the percentage of cells in each phase of the cell 

cycle for each time point after the heat treatment shown in Fig. 5.1 and Fig. 5.2, the DNA 

histograms were analyzed with Multicycle® software. Because the DNA histograms 

include the apoptotic population, however, they cannot be analyzed directly to determine 

the fraction of cells in each cell cycle phase for the non-apoptotic cells. To quantitatively 

describe the cell cycle distribution of the non-apoptotic cells, a gate was drawn around 

the non-apoptotic population using Multi-2D® and the data within the gate were saved as 

a single parameter DNA histogram which could then be analyzed by Multicycle®. This 

analysis then gave the cell cycle distributions of the surviving (non-apoptotic) cells.

The number of non-apoptotic cells in each phase of the cell cycle for each culture 

time point are shown in Figure 5.4. The number of cells in Gi phase decreased as time 

progressed up to 6 hr, increased up to 12 hr, and then remained nearly constant. The
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Figure 5.3 The number o f HL-60 cells as a function o f time after 45.0° C, 15 min heat shock. Cells are 
counted at sample collection time. The dots represent measured values with error bars representing ± one 
standard error. The line represents the result o f  nonlinear regression ifom the exponential equation N, = 
28363*exp (0.0511*time) for control cells and Nt = 29925*exp (0.0066*time) for heat-treated cells. This 
regression had a standard error o f estimate equal to 3637 and 1660 cells for each samples.
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Figure 5.4 The number o f non-apoptotic HL-60 ceils in each cell cycle phase before and at various times 
after giving a 45.0° C, 15 min heat shock. Control: untreated cells. The error bars represent the standard 
error o f the mean from at least two experiments. (•): Gi phase cells; (H): S phase cells; ( a ): G2 /M phase 
cells.
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numbers o f cells in G2/M phase increased just after heat shock and remained nearly 

constant to 4 hr, increased up to 9 hr, decreased at 20 hr and then increased again. The 

numbers o f cells in S phase decreased just after heat shock and remained nearly constant 

up to 6 hr, decreased up to 12 hr, and increased at 20 hr and then decreased. From these 

results, it appears that the main provider for apoptotic population are Gi and S phase at 

first part o f culture between 0 hr and 12 hr, Gi and G2 /M phase up to 20 hr. This 

interpretation is complicated by the fact that there are also apparent cell cycle blocks, 

especially in G2 /M phase.

The number of apoptotic cells at various times after heating at 45.0 °C for 15 min 

and calculated CAI results are shown in Fig. 5.5. The apoptotic population reached a 

peak around 4 hr, decreased up to 12 hr, remained nearly constant to 20 hr and then 

decreased. The calculated CAI by the CAI estimation model described in Chapter 4 was 

34.8 %. The CAI graph showed four plateaus at 13.5 %, 21.9 %, 29.1 % and 34.8 %, 

which represented four phases o f apoptosis induction. Analysis by the model calculated 

four apoptotic phases: first, equals 7, Tj equals 3 andAIRi equals 4.5 % /hr; second, 

equals 7, T2 equals 3 and AIR2 equals 2.8 % /hr; third, r„, equals 7, T3 equals 3 and AIR3 

equals 2.4 % /hr; and fourth, Tw equals 7, T4 equals 3 and AIR4 equals 1.9 % /hr.

To explain these results more completely, the cell cycle progression model 

described in Chapter 2 was used to analyze the data. The Efflux Coefficient (EC) was 

calculated by Eq. 2.11 and 2.12, the Apoptotic Index (API) was calculated by Eq. 2.15, 

and cell cycle distributions were calculated by Multicycle® software. These results along 

with comments are shown in Table 5.1.
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Figure 5.5 The AI o f  HL-60 at various times at 37° C after heating at 45.0° C for 15 min. AI results 
represent the mean values and standard error o f  the mean (SEM) from at least 2 independent experiments. 
The actual data points in AI curve are the point with error bars. The line between them was interpolated.
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Control 45.0° C, 15 min Heat-treated sample
Time (hr) 0 2 4 6 8 10 12 14

Cell Numbers 29926 30323 30726 31134 31548 31967 32392 32822
Cumulative Apoptotic Index 0 2729 4148 4203 5142 7001 7094 7188

G, 8394 8061 6377 5814 6465 7798 9694 10894
Non-Apoptotic Cells S 15798 13605 13439 13I4I 11369 9019 8047 8208

G2/M 5734 5928 6762 7976 8572 8149 7557 6532

Number of Apoptotic 
Cells at each time point

G,
S

G2/M
-

34
250

2445

320
234
865

18
13
24

309
371
259

568
816
474

30
37
26

33
30
31

Apoptotic Quotient 
(ApQ)

ai
P.

- 0.004
0.016

0.040
0.017

0.003
0.001

0.053
0.028

0.088
0.072

0.004
0.004

0.003
0.004

Yi - 0.426 0.146 0.003 0.033 0.055 0.003 0.004

Cell Progression 
(«2, p2, Y2)

ai
P2

- 0.130
0.192

0.269
0.155

0.213
0.122

0.00
0.097

0.00
0.041

0.00
0.00

0.00
0.00

Y2 - 0.069 0.068 0.060 0.052 0.049 0.052 0.057
Apoptotic Probability Index (API) - 0.091 0.051 0.002 0.035 0.070 0.004 0.004

Interpretation of Efflux 
Coefficient (EC)

Gi
S

G2/M
-

NB
NB

Block

NB
Block
Block

NB
NB

Block

Block
NB

Block

Block
NB
NB

Block
NB
NB

Block
Block

NB
Sensitivity by G, - R R S S S R R

comparison between S - R R R R S S S
ApQ and API G2/M - S S S R R R S

Abbreviation and explanation: NB; no cell cycle block, R; resistant to the treatm ent in specific cell cycle phase, S; Sensitive to the treatm ent in specific cell cycle 
phase
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Table 5.1 C ontinued ...

45.0° C, 15 min Heat-treated sample
Time (hr) 16 18 20 22 24

Cell Numbers 33259 33701 34148 34602 35062
Cumulative Apoptotic Index 8880 9807 9937 10727 12202

Gi 10440 9617 8827 8139 8502
Non-Apoptotic Cells S 8709 9659 10508 9955 8154

G2/M 5230 4618 4876 5781 6204
Gi 642 330 39 199 423

Number of Apoptotic Cells at each time point S 473 285 47 319 408
G2/M 577 312 44 271 644

CCl 0.059 0.032 0.004 0.023 0.052
Apoptotic Quotient (ApQ) Pi 0.058 0.033 0.005 0.030 0.041

Yi 0.088 0.060 0.010 0.056 0.111

Cell Progression 
(CC2, p2 , Y2)

«2
P2

0.063
0.00

0.132
0.016

0.171
0.078

0.158
0.155

0.016
0.153

Y2 0.067 0.085 0.097 0.093 0.080
Apoptotic Probability Index (API) 0.066 0.038 0.005 0.033 0.062

G, Block NB NB Block Block
Interpretation o f Efflux Coefficient (EC) S Block Block Block NB NB

G2/M NB NB Block Block Block
Gi R R R R R

Sensitivity by comparison between ApQ and API S R R R R R
G2/M S S S S S
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Abbreviation and explanation: NB; no cell cycle block, R; resistant to the treatm ent in specific cell cycle phase, S; Sensitive to  the treatm ent in specific cell cycle 
phase
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Apoptotic Quotient (ApQ) in Table 5.1. is a measure o f the probability of 

apoptosis from each cell cycle phase after treatment. The number o f apoptotic cells from 

each cell cycle phase for calculating ApQ is shown in Fig. 5.6. Data from Multicycle® 

analysis and the calculated results with comments are shown in Table 5.1. These results 

show that the apoptotic population comes from mainly G2  phase early up to 6 hr, S phase 

becomes a major supplier between 6 hr and 12 hr, and then all cell cycle phases 

afterward. Control cells without heat shock had a low level o f apoptosis (5.37 ± 2.36 %). 

When the model was calculated, the number o f apoptotic cells in the control sample was 

subtracted at each time point. Only apoptotic cells produced at each time point were 

shown in Fig.5.6, resulting in curves with peaks and valleys. The length o f each apoptotic 

phase was 3 hr after 45.0 °C for 15 min heat shock. Then, each phase increased the first 3 

hr (peak) and then decreased. The spaces between these peaks were shown as valleys.

Apoptosis Probability Indices (API) gives the theoretical probability o f cells 

undergoing apoptosis from each cell cycle phase with the same sensitivity. A comparison 

of ApQ  (experimental results) and API (theoretical expectation) shows whether cells are 

more sensitive to undergoing apoptosis from a particular cell cycle phase than expected 

theoretically. If any ApQ  line is located above API line (orange solid line), it shows a 

sensitive population. If it is below, it shows a resistant population. Thus, heat shock at 

45.0° C for 15 min specifically killed the G2 /M phase cells early, the Gi and S phase cells 

between 6 hr and 12 hr, and the G2/M  phase cells later (Fig.5.7). I f  the mechanism o f  an 

apoptotic inducer is unknown, this approach could provide a good first step for 

understanding the mechanism of apoptosis.

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1600

 #A pG 2

Total ffAp1200

5 10 15

CULTURE TIME AFTER HEAT (Hr)

20 25

Figure 5.6 The niunber o f apoptotic cells from each cell cycle phases at each time point cultured with 
various times at 37° C after heating at 45.0° C for 15 min. #Ap GI: number o f apoptotic cells from Gi 
phase; #Ap S; number o f  apoptotic cells from S phase; #Ap G2: number o f apoptotic cells from G2 /M 
phase; Total # Ap: sum o f apoptotic cells from three cell cycle phase.
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Figure 5.7 The comparison between ApQ and API in each cell cycle phases. Cells were incubated various 
times at 37° C after heating at 45.0° C for 15 min. ApQ GI: apoptotic quotient in Gi phase (a l);  ApQ S: 
apoptotic quotient in S phase (pi); ApQ G2: apoptotic quotient in G2 /M phase (7 I); API: apoptosis 
probability indices.
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Interpretation of the values o f Efflux Coefficient (EC) in Fig.5.8 and Table 5.1 

indicates that cells are blocked in G2/M (green solid line) early, Gi phase (blue solid line) 

after that, and S (pink solid line) and G2/M later. When these results are combined with 

CAI and ApQ data, they indieate that when cells were heat-shocked at 45.0° C for 15 

min, the early apoptotic population came from G2 /M phase blocked cells, the second 

apoptotic population from Gi phase with a cell cycle block and S phase with slow 

progression, a third apoptotic population from Gi and S phases with cell cycle blocks, 

and a fourth apoptotic population from S and G2/M phases with cell cycle blocks. This 

indicates that there may be at least two different kinds o f apoptosis - interphase apoptosis 

and delayed apoptosis - after heating at 45.0° C for 15 min.

In this study it was assumed that the disintegration of cells by apoptosis did not 

take place because 1 do not know the starting point o f the time-window for disintegration. 

However, 1 eould calculate the disintegration graph based on CAI data if  1 knew the 

starting point because apoptotic cells, which are induced early, would also start 

disintegration early.

5.3.2 Hyperthermia-induced apoptosis with 45.0 30 min heat shock

The changes in the apoptotic population and the non-apoptotic population 

incubated at 37° C up to 24 hrs after a 45.0° C 30 min heat shock was measured in HL-60 

cells. The presence o f apoptotic cells was measured with the TUNEL method. The DNA 

histograms from an experiment which illustrate cell cycle delays with culture time after
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Figure 5.8 The efflux coefficient for each cell cycle phase at various times at 37° C after heating at 45.0° C 
for 15 min.
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heating are shown in Figure 5.9. The dual-parameter histograms from an experiment 

which illustrate the apoptotic population for different times after heating are shown in 

Figure 5.10. It is apparent that the 45.0° C 30 min heat treatments caused substantial 

changes in the cell cycle distribution as well as in the apoptosis index with time after 

heating. The number of apoptotic cells in each sample is derived from the dual parameter 

histograms shown in Fig. 5.10. The total number of cells for control and treated samples 

at each time-point after the treatment is shown in Fig. 5.11.

To quantitatively describe the percentage of cells in each phase of the cell cycle 

for each time point after the heat treatment shown in Fig. 5.9 and Fig. 5.10, the DNA 

histograms were analyzed with Multicycle® software. Because the DNA histograms 

include the apoptotic population, however, they cannot be analyzed directly to determine 

the fraction of cells in each cell cycle phase for the non-apoptotic cells. To quantitatively 

describe the cell cycle distribution of the non-apoptotic cells, a gate was drawn around 

the non-apoptotic population using Multi-2D® and the data within the gate were saved as 

a single parameter DNA histogram which could then be analyzed by Multicycle®. This 

analysis then gave the cell cycle distributions of the surviving (non-apoptotic) cells.

The number of non-apoptotic cells in each phase of the cell cycle for each culture

time point are shown in Figure 5.12. The number of cells in Gi phase decreased as time

progressed up to 4 hr, remained nearly constant up to 12 hr, and increased between 12

and 24 hr. The number o f cells in G2/M phase increased to 1 hr, then decreased by 2 hr

and remained at that level for 24 hr. The number of cells in S phase decreased rapidly up

to 4 hr, remained at that level up to 12 hr, and then further decreased. From these results,

it appears that the apoptotic cells come mainly from GI and S phases between 0 hr and
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Figure 5.9 Cell cycle distributions for control and heated HL-60 cells at 45.0° C for 30 min. A: control cells 
; B: 0 hr at 37° C after h e a t ; C: 1 hr ; D: 2 hr ; E: 4 h r ; F; 6 hr ; G: 9 h r ; H: 12 h r ; I: 20 h r ; J: 24 hr.
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Figure 5.10 Dual param eter histogram s showing apoptosis (FITC) and DNA content (IRFL) for control and 
heated FIL-60 cells at 45.0° C for 30 min. A: control c e l ls ; B: 0 hr at 37° C after h e a t ; C: 1 h r ; D: 2 h r ; E: 
4 hr ; F: 6 hr ; G: 9 hr ; H; 12 hr ; I: 20 hr ; J: 24 hr.
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Figure 5.11 The number o f HL-60 cells at various times after a 45.0° C, 30 min heat shock. Cell numbers 
are counted at sample collection time. The dots represent measured values with error bars representing ± 
one standard error. The line represents the result o f  nonlinear regression from the exponential equation N, = 
28363*exp (0.0511*time) for control cells and Nj = 31368*exp (0.0031 *time) for heat-treated cells. This 
regression had a standard error o f estimate equal to 3637 and 3239 cells for each samples.
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Figure 5.12 The number o f non-apoptotic HL-60 cells in each cell cycle phase before and at various times 
after heating at 45.0° C for 30 min. Control: untreated cells. The error bars represent standard error o f the 
mean from at least two experiments. (•): Gi phase cells; (■): S phase cells; (a ): G2 /M phase cells.

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4 hr and S phase after that. This interpretation is complicated by the fact that there are 

also apparent cell cycle blocks.

The number of apoptotic cells and calculated CAI at various times after heating at 

45.0 °C for 30 min are shown in Fig. 5.13. The apoptotic population reached a peak 

around 4 hr, remained nearly constant to 10 hr, and then decreased. The calculated CAI 

by the CAI estimation model deseribed in Chapter 4 was 93.6 %. The CAI graph showed 

three plateaus at 39.6 %, 69.6 % and 93.6 %, which represented three phases o f apoptosis 

induction. The model ealeulated three apoptotic phases: first, Tw equals 10, T; equals 4 

and AIRi equals 9.9 % /hr; second, Tw equals 10, T2 equals 4 and AIR2 equals 7.5 % /hr; 

and third, Tw equals 10, T3 equals 4 and AIR3 equals 6.0 % /hr.

To explain these results more completely, the cell cycle progression model was 

used to analyze the data. The Efflux Coefficient (EC) was calculated by Eq. 2.11 and 2.12, 

the Apoptotic Index (API) was ealeulated by Eq. 2.15, and cell cycle distributions were 

calculated by Multicycle® software. These results along with comments are shown in 

Table 5.2.

Apoptotic Quotient (ApQ) in Table 5.2. is a measure of the probability of 

apoptosis from each cell cycle phase after treatment. The number o f apoptotic cells from 

each cell eycle phase for calculating ApQ is shown in Fig. 5.14. Data from Multicycle® 

analysis and the calculated results with comments are shown in Table 5.2. These results 

show that the main apoptotic population com es from S phase early, from all cell cycle 

phases after 10 hr, and Gi and S phases afterward. Control cells without heat shock had a 

low level o f apoptosis (5.38 ± 2.38 %). When the model was calculated, the number o f
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Figure 5.13 The number o f apoptotic cells cultured with various times at 37° C after heating at 45.0° C for 
30 min. A l results represent the mean values and standard error of the mean (SEM) from at least 2 
independent experiments. The actual data points in AI curve are the point with error bars. The line between 
them was interpolated.
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Control 45.0° C, 30 min Heat-treated sample
Time (hr) 0 2 4 6 8 10 12 14

Cell Numbers 31369 31564 31760 31957 32156 32356 32557 32760
Cumulative Apoptotic Index 0 5940 11880 11880 11880 11880 16380 20880

G i 8480 7056 5351 5193 5183 5490 4798 4010
Non-Apoptotic Cells S 16644 13047 9925 9963 9928 9644 7098 4706

G2/M 6245 5521 4604 4921 5165 5342 4281 3164

Number of Apoptotic 
Cells at each time point

Gi
S

G2/M
-

965
2906
2069

1305
2897
1738

0
0
0

0
0
0

0
0
0

1430
1356
1714

1465
1546
1489

Apoptotic Quotient 
(ApQ)

ai
Pi

- 0.114
0.175

0.185
0.222

0
0

0
0

0
0

0.260
0.141

0.305
0.218

Yi - 0.331 0.315 0 0 0 0.321 0.348

Cell Progression 
(CC2, P2, Y2)

0:2 - 0.100 0.112 0.103 0.078 0.018 0.00 0.00
P2 - 0.093 0.078 0.052 0.044 0.038 0.089 0.081
Y2 - 0.031 0.036 0.043 0.040 0.039 0.038 0.047

Apoptotic Probability Index (API) - 0.189 0.232 0 0 0 0.220 0.278

Interpretation of Efflux 
Coefficient (EC)

Gi
S

G2/M
-

NB
NB

Block

NB
NB

Block

NB
Block
Block

Block
NB

Block

Block
NB

Block

Block
NB

Block

Block
NB

Block
Sensitivity by G, - R R - - - S S

comparison between S - R R - - - R R
ApQ and API G2/M - S S - - - S S

Abbreviation and explanation: N B ; no cell cycle block, R; resistant to the treatm ent in specific cell cycle phase, S; Sensitive to the treatm ent in specific cell cycle 
phase

162



CD■D
O
Q .Co
CD
Q .

■D
CD

C/)(/)
Table 5.2 C ontinued...

45.0° C, 30 min Heat-treated sample
Time (hr) 16 18 20 22 24

Cell Numbers 32963 33169 33375 33582 33791
Cumulative Apoptotic Index 20880 20880 20880 24480 28080

Gi 4672 5402 6138 4862 3181
Non-Apoptotic Cells S 4211 3714 3323 2294 1587

G2/M 3200 3173 3034 1946 943
Gi 0 0 0 1558 1611

Number of Apoptotic Cells at each time point S 0 0 0 1501 1279
G2/M 0 0 0 541 710

ai 0 0 0 0.254 0.331
Apoptotic Quotient (ApQ) P i 0 0 0 0.452 0.557

Yi 0 0 0 0.178 0.365

Cell Progression 
(«2 , p2, Y2)

0C2
P2

0.00
0.051

0.00
0.042

0.00
0.018

0.022
0.00

0.100
0.00

Y2 0.064 0.064 0.065 0.068 0.107
Apoptotic Probability Index (API) 0 0 0 0.289 0.395

Gi Block Block Block Block NB
Interpretation o f Efflux Coefficient (EC) S NB NB NB Block Block

G2/M Block NB NB NB NB
G, - - - R R

Sensitivity by comparison between ApQ and API S - - - S S
G2/M - - - R S
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Abbreviation and explanation: N B; no cell cycle block, R; resistant to the treatm ent in specific cell cycle phase, S; Sensitive to the treatment in specific cell cycle 
phase
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Figure 5.14 The number o f apoptotic cells from each cell cycle phase at various times at 37° C after heating 
at 45.0° C for 30 min. #Ap GI: number o f apoptotic cells from Gi phase; #Ap S: number o f apoptotic cells 
from S phase; #Ap G2: number o f apoptotic cells from G2 /M phase; Total # Ap: sum o f apoptotic cells 
from three cell cycle phase.
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apoptotic cells in the control sample was subtracted at each time point. Only apoptotic 

cells produced at each time point were shown in Fig.5.14, resulting in curves with peaks 

and valleys. The length o f each apoptotic phase was 4 hr after 45.0 °C for 30 min heat 

shock. Then, each phase increased the first 4 hr (peak) and then decreased. The spaces 

between these peaks were shown as valleys.

Apoptosis Probability Indices (API) gives the theoretical probability o f cells 

undergoing apoptosis from each cell cycle phase with the same sensitivity. A comparison 

of ApQ (experimental results) and API (theoretical expectation) shows whether cells are 

more sensitive to undergoing apoptosis from a particular cell cycle phase than expected 

theoretically. If any ApQ  line is located above API line (orange solid line), it shows a 

sensitive population. If it is located below, it shows a resistant population. Thus, heat 

shock at 45.0° C for 30 min specifically killed the Gi/M phase cells early and Gi and 

G2 /M phase cells between 10 hr and 15 hr, and the S phase cells later (Fig. 5.15).

Interpretation o f the values o f Efflux Coefficient (EC) in Fig. 5.16 and Table 5.2 

indicates that cells are blocked in G2/M up to 15 hr after heating at 45.0° C for 30 min. Gi 

phase cells were delayed in by 8 hr and maintained up to 23 hr. A strong cell cycle block 

point appeared at 12 hr and 18 hr. An S phase cell cycle delay appeared at 21 hr. When 

these data analyzed with CAI and ApQ  data, they indicate that when cells were heat- 

shocked at 45.0° C for 30 min, the early apoptotic population came from G2/M phase 

blocked cells and slow ly progressing S phase cells, the second apoptotic population came 

from Gi and G2 /M phases with a cell cycle block, and the third apoptotic population from
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Figure 5.15 The comparison between ApQ and API in each cell cycle phase. Cells are incubated various 
times at 37° C after heating at 45.0° C for 30 min. ApQ GI: apoptotic quotient in Gi phase (a l);  ApQ S: 
apoptotic quotient in S phase (jil); ApQ G2; apoptotic quotient in G2 /M phase (7 I); API; apoptosis 
probability indices.
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Gi and S phases with a cell cycle block. This indicates that cell cycle phase specific death 

showed different patterns with different doses when compared with 45.0° C for 15 min.

In this study it was assumed that the disintegration o f cells by apoptosis did not 

take place because I do not know the starting point o f the time-window for disintegration. 

However, I could calculate the disintegration graph based on CAT data if  1 knew the 

starting point because apoptotic cells, which are induced early, would also start 

disintegration early.

These results indicate that there are significant changes in the response o f cells at 7 

hr, 15 hr, and 21 hr. A cell cycle block in Gi starts at 7 hr. A cell cycle block in Gi/M 

phase ends at 15 hr and apoptosis fi-om all cell cycle phases is shown between 7 hr and 15 

hr. The third time point at 21 hr shows the cell cycle block in Gi and S phase and 

apoptosis in Gi and S phases.

5.4 Discussion

In the previous results, hyperthermia induced the apoptotic population mainly from 

Gi phase. In this study, apoptosis o f HL-60 cells was induced by heat shock treatments at 

45.0°C for 15 min or 30 min. DNA histograms, TUNEL and bivariate histogram with PI 

showed Gi-phase specific apoptosis (Fig. 5.1, 5.2, 5.9 and 5.10). Hyperthermia induced 

apoptosis not only in Gi phase but also S and G2 /M phase. These results also show that 

HL-60 cells are tightly blocked in all cell cycle phases at different times.

After a 45.0°C, 15 min heat shock, etirly apoptosis came from G2/M phase cells. 

This apoptosis may be caused by disruption of microtubular proteins (3). The second
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wave of apoptosis from Gi phase may be caused by cells in division at the time of 

heating, which entered Gi without completing division. The apoptotic population from 

early S phase may have less time available for the repair of DNA damage before entering 

into S phase without p53 (17), which leads to problems during replication and causes 

some kind of interphase death (20). Apoptosis from G2/M phase after 20 hr may come 

from cell cycle block with damaged slow moving cells.

After a 45.0°C, 30 min heat shock, early apoptosis came from S and G2/M phase 

cells. This apoptosis may be caused by direct damage of cellular proteins for DNA 

replication machinery and mitosis. The second wave of apoptosis from all cell cycle 

phases may be due to cells in Gi and S phases with unrepaired DNA damage (20), and 

disruption of microtubular proteins in G2/M phase cells (3). The third wave of apoptosis 

comes from Gi and S phases. Cellular damage induced by higher doses of hyperthermia 

could trigger cell suicide through apoptosis directly, without cell cycle arrest in G2/M 

phase (4). After the cells with heavy damage are removed the remaining cells appears to 

follow the 45.0°C, 15 min heat shock response. The degree of the block and sensitivity to 

apoptosis could be changed based on the doses of heat and culture time.

These kinds of analysis could be applied to the analysis of differences between

normal and cancer cells. A strategy designed to protect normal cells from cycle-

dependent lethal agents by exploiting differences in cell cycles of normal and cancer cells

is applied for cancer therapy. In the combination o f pretreatment and post-treatment, such

pretreatment prevents normal cells from entering S or M phase and thus protect them

against S-phase- and M-phase-specific agents. For the selective protection of normal

cells, several mechanism should be considered as follows; i) Loss of p53-dependent
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checkpoints, ii) growth factor-activated pathways, iii) CDK inhibitors, and iv) drug 

resistance (2). Toxicity to normal cells is unavoidable if drugs do not have a highly 

specific cancer cell target. When the differences between normal and cancer cells are 

maximized with ‘cell cycle progression m odel’, the side effects are minimized and the 

better tumor control could be achieved.
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CHAPTER 6 

ANALYSIS OF CELL CYCLE DEPENDENT APOPTOSIS AND 

CELL CYCLE BLOCKS INDUCED BY DOSE DEPENDENT 

HYPERTHERM IA IN HL-60 CELLS

6.1 Introduction

Cells that are heated to a few degrees above physiological temperatures 

(hyperthermia) undergo apoptosis (1,4,5,6,8,9,11,12,13,14,16,17,18,21,22) and 

become sensitive to radiotherapy and many antitumor agents. Radiotherapy in 

combination with hyperthermia or antitumor agents can improve therapy, so the 

cellular response to hyperthermia is of great clinical interest. Induction of apoptosis 

by hyperthermia occurs very rapidly. Apoptosis peaks in mastocytoma cultures at 

between 2 and 4 h, and then decreases as the apoptotic bodies undergo secondary 

necrosis and are degraded to debris. By 24 h, apoptotic counts have returned to levels 

approaching control values (8). While the lag period (time between completion of 

heating and onset o f apoptosis) varies among different cell types, apoptotic inducer 

and detection methods used, once underway, the kinetics of the apoptotic process 

itself appears to be similar (10).
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The slope of an Arrhenius plot of various levels of hyperthermia gives the 

activation energy of the chemical process involved in the cell killing. The similarity 

o f the activation energy for protein denaturation to the activation energy for heat 

cytotoxicity, calculated from the Arrhenius analysis, led to the hypothesis that the 

target for heat cell killing may be protein. The structural chromosomal proteins, 

nuclear matrix, cytoskeleton repair enzymes and membrane components have all been 

identified as possible targets that are denatured by hyperthermia (3,7,15,19).

The effects of heat are primarily dependent on time of heating at a given 

temperature. The relationship between treatment time and temperature for a 

biological isoeffect (the Arrhenius plot) has been confirmed for a variety o f normal 

tissues and tumors (20). Therefore, when defining thermal doses in hyperthermia 

studies, both the time and temperature of heating are equally important determinants.

In this study, cell cycle progression and apoptosis were monitored with heating 

from 5 - 6 0  min at 45.0 °C in HL-60 cells. The number of apoptotic cells after 

treatment with heat shock was measured by the TUNEL assay and propidium iodide 

labeling using flow cjdometry.

6.2 Materials and Methods

General information for the experiment was explained in Chapter 2 Materials 

and Methods. Detailed and specific explanations are provided in figure and table 

legends.
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6.3 Hyperthermia-induced apoptosis with dose-dependent heat shock at 45.0 ‘X3

My goal in this set of experiments was to analyze the relationship between 

increasing heating time at 45.0° C and the induction of apoptosis. Because the effects 

o f apoptosis on the cell cycle was studied and analyzed at 45.0° C in previous 

chapters, I chose 45.0° C to analyze the kinetics of apoptosis. If heating time is 

doubled at 45.0° C, how is the number o f apoptotic cells changed? At shorter than 15 

min or longer than 40 min heat shock, could apoptotic population show different 

relationships?

HL60 cells were heated at various times at 45.0° C and then incubated at 37° C 

for 12 hr to allow apoptosis to develop. The presence of apoptotic cells was 

measured with the TUNEL method. The DNA histograms from an experiment which 

illustrate cell cycle delays for different heat treatment time are shown in Fig. 6.1. The 

dual-parameter histograms from an experiment which illustrate the apoptotic 

population for different heat treatment time are shown in Fig. 6.2. Small numbers of 

apoptotic cells are not shown in the dual-parameter histograms because the contour 

levels exclude them. It is apparent that the different heat treatments cause 

substantially different changes in the cell cycle distribution as well as in the apoptosis 

fraction. The numbers o f apoptotic cells in each sample are derived from the dual 

parameter histograms shown in Fig. 6.2. The total number of cells for control and 

treated samples after treatment is shown in Fig. 6.3. A 10 min heat shock at 45.0° C 

reduced cell growth and there was no cell growth after 1 5 - 6 0  min of heating.
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Figure 6.1 Cell cycle distributions o f  HL-60 cells 12 hr after heating at 45.0° C for various tim es. (A) 
control cells, (B) heated 5 min, (C) 10 min, (D) 15 min, (E) 20 min, (F) 30 min, (G) 40 min, (H) 45 
min, (1) 60 min.
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Figure 6.2 Dual param eter histograms o f  HL-60 ceils showing apoptosis (FITC) and DNA content (Pi) 
12 hr after heating at 45.0° C for various times. (A) control cells, (B) heated 5 min, (C) 10 min, (D) 15 
m in, (E) 20 min, (F) 30 min, (G) 40 min, (H) 45 min, (I) 60 min.
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Figure 6.3 The growth o f HL-60 cells 12 hr after various heating times at 45.0° C. The bars represent 
measured values with error bars representing + one standard error. CO: Control cells at time 0 hr; C12: 
control cells after 12 hr; H5: 45.0° C heat shock for 5 min; HIO: 10 min; H15: 15 min; H20: 20 min; 
H30: 30 min; H40: 40 min; H45: 45 min; H60: 60 min. These results are based on two or more 
different experiments.
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The number of apoptotic cells is determined using the Cicero data acquisition 

and display system software installed in a Coulter EPICS V cell sorter as well as 

Multi-2D® and Multicycle® software. To quantitatively describe the percentage of 

cells in each phase o f the cell cycle after the different heat treatments shown in Fig.

6.1 and Fig. 6.2, the DNA histograms were analyzed with Multicycle® software. 

Because the DNA histograms include the apoptotic population, however, they cannot 

be analyzed directly to determine the fraction o f cells in each cell cycle phase for the 

non-apoptotic cells. To quantitatively describe the cell cycle distribution o f the non- 

apoptotic cells, a gate was drawn around the non-apoptotic population using Multi- 

2D® and the data within the gate were saved as a single parameter DNA histogram 

which could then be analyzed by Multicycle®. This analysis then gave the cell cycle 

distributions o f the surviving (non-apoptotic) cells.

The number o f non-apoptotic cells in each phase o f the cell cycle for each 

heating time combination is shown in Fig. 6.4. The number o f cells in Gi phase 

increased as the heating time increased up to 15 min, decreased from 15-45 min and 

then remained low at 60 min. The number of cells in G2 /M phase increased up to 20 

min and then decreased to 60 min. The number o f cells in S phase decreased up to 40 

min and then remained the same. From these results, it appears that apoptotic cells 

mainly come from S phase between 5 min and 20 min and from all cell cycle phases 

between 20 min and 60 min. This interpretation is complicated by the fact that there 

are also apparent cell cycle blocks. After 15 min at 45.0° C, cells blocked in Gi and 

G2 /M phase and S phase decreased compared to control. After 40 to 60 min at 45.0°

C, the number o f non-apoptotic cells from every cell cycle phase decreased.
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The number o f  apoptotic cells from a sample heated with different conditions 

is given in Fig. 6.5. The apoptotic population followed a sigmoid curve when the 

heating time increased. The early range between 5 min and 20 min shows lower rate 

due to the no accumulation o f damage and the mid range between 20 min and 45 min 

shows the effective cell killing by apoptosis. When these data were transformed to 

sinviving fraction, they showed an apoptosis-resistant population at 45 and 60 min 

heat shock. To better understand the kinetics o f apoptotic cells, the number o f  

apoptotic cells at various times following 45.0° C 15 and 30 min heat shock are 

shown in Fig. 6.6. The early increase in apoptosis would reach a higher level and the 

plateau would be maintained for a longer period o f time as heating time increased.

The number o f non-apoptotic Gi phase cells increased over control Gi cells at 

12 hr after 5, 10 and 15 min heat shock at 45.0° C and decreased at longer heating 

times (Fig. 6.7). The number o f non-apoptotic S phase cells decreased as the heating 

time increased at 45.0° C (Fig. 6.8). The number o f non-apoptotic G2/M phase cells 

increased after 5, 10, 15 and 20 min at 45.0° C, and decreased at longer heating times 

(Fig. 6.9).

To better understand the kinetics o f non-apoptotic cells, the number o f non- 

apoptotic Gi cells at various times following 45.0° C 15 and 30 min heat shock are 

shown in Fig. 6.10. The longer the heating time, the larger the decrease in Gi cells 

and the longer the time needed to return to control level. The number o f non- 

apoptotic S phase cells at various times after heating for 15 or 30 min at 45.0° C is 

shown in Fig. 6.11. There was a rapid initial decrease followed by a plateau from 1-6

hrs after a 15 min 45.0° C heat shock and 4-9 hrs after a 30 min 45.0° C heat shock.
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Figure 6.5 The number o f apoptotic cells (top) and the survival (bottom) after various heating times at 
45.0° C followed by 12 hr culture at 37° C. The results represent the mean values and standard error o f  
the mean (SEM) from two or more independent experiments. 30,000 cells were analyzed at each time 
point.
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Figure 6 . 6  The number o f apoptotic cells at various times after heating at 45.0° C for 15 min (•) or 30 
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Figure 6.7 The number o f  non-apoptotic Gi phase cells after various heating times at 45.0° C followed 
by 12 hr at 37° C. The results represent the mean values and standard error o f  the mean (SEM) from at 
least 2  independent experiments.
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Figure 6 . 8  The number o f non-apoptotic S phase cells after various heating times at 45.0° C followed 
by 12 hr at 37° C. The results represent the mean values and standard error o f the mean (SEM) from at 
least 2  independent experiments.
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followed by 12 hr at 37° C. The results represent the mean values and standard error o f  the mean 
(SEM) from at least 2 independent experiments.
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The m aximuTn decrease was dose-dependent. The number o f non-apoptotie G2 /M 

cells oscillated in a dose-dependent manner with time after heating (Fig. 6.12).

Overall, a mild heat shock (45.0° C, 5-20 min) caused the accumulation of  

cells in Gi and G2 /M phases after 12 hr at 37° C whereas a severe heat shock (45.0° C, 

20-60 min) reduced the number of non-apoptotic cells in all phases because the 

apoptotic populations are increased. The fraction of apoptotic cells increased 

exponentially as expected based on survival curves as the heating time increased to 

45 min at 45.0° C, though there was apparently a greater amount of necrosis and less 

apoptosis at 45.0° C for 60 min. This indicates that there may be at least two different 

transition points when the heat dose is increased up to necrotic-dominant point.

6.4 Discussion

In the previous results, hyperthermia induced the apoptotic population mainly 

from Gi phase (2,5). In this study, hyperthermia induced apoptosis not only in Gi 

phase but also S phase. These results also show that HL-60 cells are tightly blocked in 

Gi and G2/M phases. Even if  S phase cells undergo apoptosis after a heat shock, it is 

not large enough to affect G2 arrest like the etoposide results. This cell cycle arrest 

may permit DNA repair or renaturing for denatured protein prior to mitosis after mild 

heat shock. Apoptosis could be induced follow ing a G2/M  block with prolonged 

culture. Cellular damage induced by higher doses o f hyperthermia could trigger cell
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suicide through apoptosis directly, without cell cycle arrest at G2 /M phase. The 

degree o f the block and sensitivity to apoptosis could be changed based on the doses 

of heat and culture time.

The graph o f AI as a function o f heating time (Fig. 6.5) showed three regions: 

the first range between 5 min and 20 min shows lower rate due to the no 

accumulation o f damage and the mid range between 20 min and 45 min shows the 

effective cell killing by apoptosis. When these data were transformed to surviving 

fraction, they showed an apoptosis-resistant population at 45 and 60 min heat shock.

The time-dependent changes o f non-apoptotic cells showed similar patterns 

between mild and severe heat shocks. The pattern from severe heat shock was similar 

to the pattern o f mild heat shock in all cell cycle phases but the changes were greater. 

Based on this concept, if  a couple o f time-dependent plots (45.0° C 15 and 30 min 

time-dependent non-apoptotic graphs) and a couple o f data points (dose-dependent 

data at 45.0° C) were obtained, the non-apoptotic graph o f different heating time 

could be estimated.

The apoptotic population came from S phase cells after mild heat shock and 

from all cell cycle phases after severe heat shock. These results indicate that there are 

significant changes in the response o f cells after 15-30 min at 45.0° C, and after 45 

min at 45.0° C. Between 15 and 30 min of heating there was a transition from cell 

cycle blocks to apoptosis in Gi and S phase and a maximum cell cycle block in G2/M 

phase. Between 45 and 60 min of heating there were significant changes in all cell
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cycle phases, probably representing a change in cell killing from apoptosis to necrosis 

or some other mode o f cell death.
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CHAPTER 7 

ANALYSIS OF CELL CYCLE DEPENDENT APOPTOSIS AND 

CELL CYCLE BLOCKS INDUCED BY ISO-DOSE 

HYPERTHERM IA IN HL-60 CELLS

7.1 Introduction

Cells that are heated to a few degrees above physiological temperatures 

(hyperthermia) undergo apoptosis (2,4,5,6,8,9,10,11,12,13,15,16,17,20,21). The slope 

o f an Arrhenius plot of various levels of hyperthermia gives the activation energy of 

the chemical process involved in the cell killing. The similarity of the activation 

energy for protein denaturation to the activation energy for heat cytotoxicity, 

calculated from the Arrhenius analysis, led to the hypothesis that the target for heat 

cell killing may be protein. The structural chromosomal proteins, nuclear matrix, 

cytoskeleton repair enzymes and membrane components have all been identified as 

possible targets that are denatured by hyperthermia (3,7,14,18).

The effects of heat are primarily dependent on time of heating at a given 

temperature. The relationship between treatment time and temperature for a 

biological isoeffect (the Arrhenius plot) has been confirmed for a variety of normal 

tissues and tumors (19). A marked change of slope occurs somewhere between 42 °C
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and 43 °C (3). Above this transition temperature the slope is consistent for a variety 

o f cells and tissues. For temperature above 43 °C, it is generally agreed that a 1 °C 

rise of temperature is equivalent to a reduction of time by a factor of 2  to give equal 

killing. For temperatures below the transition temperature an increase in temperature 

by 1 °C requires that time be decreased by a factor of 4 to 6  (3). Therefore, when 

defining thermal doses in hyperthermia studies, both the time and temperature of 

heating are equally important determinants.

In this study, cell cycle progression and apoptosis were monitored in heating 

with five different iso-dose temperature-time heat treatments in FlL-60 cells. The 

number o f apoptotic cells after treatment with heat shock was measured by the 

TUNEL assay and propidium iodide labeling using flow eytometry.

7.2 Materials and Methods

General information for the experiment was explained in Chapter 2 Materials 

and Methods. Detailed and specific explanations are provided in figure and table 

legends.

7.3 Hyperthermia-induced apoptosis with iso-dose heat shock

Previous studies have indicated that hyperthermia kills eells by apoptosis at 

temperatures below about 43-44° C but kills primarily by necrosis at higher 

temperatures (1,3,5,8,9,17). My goal in this set of experiments was to more closely
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analyze the relationship between increasing temperature and the induction of 

apoptosis. Arrhenius analysis of fibroblast cells heated at various temperatures for 

different times gives the activation energy of the chemical processes involved in cell 

killing from the slope of the curve (3). Arrhenius curves generally have a marked 

change o f slope or breakpoint between 42° C and 43° C, which has been taken as 

evidence that there is a different mode of cell death at temperatures below this 

temperature than above it (7). The slopes of the Arrhenius curves indicate that, for 

temperatures above the breakpoint, heating time must he reduced by a factor of 2  for 

each 1° C increase in temperature to get equivalent cell killing. For temperatures 

below the transition temperature, an increase in temperature of 1° C requires that time 

be decreased by a factor of 4 to get equivalent cell killing. Based on the above 

information, I chose five different temperatures ranging from 42° to 46° C and 

reduced the heating times 2-fold for each 1° C increase in temperature. This should 

give an iso-dose at temperatures of 43° C and above and result in an equivalent 

number of apoptotic cells for each heat treatment. If apoptosis is reduced at higher 

temperatures, the number of apoptotic cells should be reduced at the higher 

temperatures.

HL60 cells were heated at various times and temperatures and then incubated 

at 37° C for 6  hr to allow apoptosis to develop. The presence o f apoptotic cells was 

measured with the TUNEL method. Results from an experiment which illustrate the 

apoptotic population and cell cycle delays for different iso-dose heat treatments are 

shown in Figure 7.1. Small numbers of apoptotic cells are not shown in the dual­

parameter histograms because the contour levels exclude them. It is apparent that the
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Figure 7.1 Cel! cycle distributions and dual param eter histograms showing apoptosis (FITC) and DNA 
content (PI) for control and heated cells, (A and B) control cells (C and D) heated 2 hr at 42.0° C (E 
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198

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



different heat treatments cause substantially different changes in the cell cycle 

distribution as well as in the apoptosis fraction.

The number of apoptotic cells in each sample were derived from the dual 

parameter histograms shown in Fig. 7.1. A region was drawn around the apoptotic 

population and the number of cells in the region was determined from the Cicero 

software (Region 2, Fig. 7.1L). The total number o f cells for control and treated 

samples after treatment is shown in Fig. 7.2. All heat treatments inhibited cell growth 

though there was slight growth after 2 hr 42.0° C treatment.

The number of apoptotic cells were determined using the Cicero data 

acquisition and display system software installed in a Coulter EPICS V cell sorter as 

well as Multi-2D® and Multicycle® software. To quantitatively describe the 

percentage o f cells in each phase of the cell cycle after the different heat treatments 

shown in Fig. 7.1, the DNA histograms were analyzed with Multicycle® software. 

Because the DNA histograms include the apoptotie population, however, they cannot 

be analyzed .directly to determine the fraction of cells in each cell cycle phase for the 

non-apoptotic cells. To quantitatively describe the cell cycle distribution of the non- 

apoptotic cells, a gate was drawn around the non-apoptotic population using Multi- 

2D® and the data within the gate were saved as a single parameter DNA histogram 

which could then be analyzed by Multicycle®. This analysis then gave the cell cycle 

distributions of the surviving (non-apoptotic) cells.

The number of non-apoptotic cells in each phase of the cell cycle for each

heating time-temperature combination is shown in Fig. 7.3. The number of cells in G|

phase decreased up to 45.0° C and then increased. The number of cells in G2/M phase
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Figure 7.2 The change in cell number with different iso-dose heat shock treatments in HL-60 cells. 
Cells are counted at 6  hr after heat shock. The bars represent measured values with error bars 
representing ± one standard error. CO: Control cells at time 0 hr; C6 : control cells after 6  hr; 42C: 42.0° 
C heat shock for 2 hrs; 43C: 43.0° C heat shock for 1 hr; 44C: 44.0° C heat shock for 30 min; 45C: 
45.0° C heat shock for 15 min; 46C: 46.0° C heat shock for 7.5 min.
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increased up to 45.0° C and then decreased at 46.0° C. The number of cells in S phase 

decreased slightly after 43.0° and 44.0° C and decreased more after 42.0°, 45.0°, 46.0° 

C. From these results, it appears that apoptosis mainly occurs in Gi cells at all 

temperatures and S phase at 45.0° and 46.0° C. This interpretation is complicated by 

the fact that there are also apparent cell cycle blocks. After all heat treatments, cells 

blocked in G2/M phase.

The number o f apoptotic cells from a sample heated with different time- 

temperature conditions is given in Fig. 7.4. A statistical comparison by t-test shows 

that there is no statistically significant difference in the number of apoptotic cells for 

heat treatments at 42.0° C for 2 hrs compared to control, but there is a significant 

difference between heating above 43.0° C for 1 hr. There is no statistically significant 

difference between 42.0° and 43.0° C, and between 45.0° and 46.0° C. Thus, in the 

apoptotic analysis o f iso-dose heat shock, 44.0° C is a changing point. A multiple 

comparison method and pairwise analysis were used for the statistical difference 

between the treatments.

The results reported here do not support the initial hypothesis that HL60 cells

would undergo apoptosis at temperatures o f 43.0° C and below but xmdergo necrosis

at temperatures above 43.0° C. Instead, the fraction o f apoptotic cells continuously

increased as the temperature increased to 46.0° C, though there was apparently a

greater amount o f necrosis and less apoptosis at 46.0° C. These results also show that

HL-60 cells treated with all different combination o f temperature/time are blocked in

Gi and G2/M at 42.0° C, and G2/M phase above 43.0° C. Previous studies have been

done with fibroblast cells, thus it may not be surprising that our results differ from
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those previously reported. These results also do not agree with the concept o f isodose 

heat treatments based on Arrhenius plots. The times and temperatures chosen for 

these experiments were expected to give equivalent amounts o f cell killing. While 

this was true for the iso-dose heat treatments with temperatures o f 42.0 -  44.0° C, 

there was significantly greater cell killing at 45.0° C and 46.0° C. This indicates that 

there may be a different mechanism leading to apoptosis and necrosis at these higher 

temperatures.

7.4 Discussion

Arrhenius plots based on clonogenic survival data show the existence of a 

transition point in hyperthermia treatment. In iso-dose experiments reported here, a 

heat shock lower than 44.0° C (42.0° -  43.0° C) could cause repair process as a 

dominant phenomenon. The heat shock higher than 44.0° C (45.0° -  46.0° C) could 

cause apoptotic process as a dominant phenomenon. This idea could explain similar 

results from the first region o f dose-dependent AI in Fig.6.5. Contrary to a transition 

point at 43.0° C for CHO cells (3), 44.0° C for 30 min is the changing point in HL-60 

cells. Thus, because fibroblasts are more resistant to heat than cell lines of 

lymphoblast origin, HL-60 iso-dose time-temperature conditions have to be increased 

twice or more to get results similar to those obtained with fibroblasts (i.e., 44.0° C for 

30 min to 44.0° C for 1 hr). The time-temperature conditions have to be chosen in the 

exponential region o f the curve in Fig. 6.5. These data confirmed again the

importance of proper time-temperature combinations for hyperthermia.
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CHAPTER 8 

Conclusions and Discussion

The development of assays to measure apoptosis has led to a great deal of 

research to understand its role in cancer therapy. Most approaches are limited to 

measuring the fraction of cells undergoing apoptosis at a given time, or the apoptotic 

index (AI). While the AI is valuable in assessing the outcome of therapy, since apoptosis 

is a kinetic event, this estimation of the fraction of apoptotic cells can be inaccurate and 

underestimated. Furthermore, each apoptotic assay can detect apoptotic cells only in 

specific time-window based on the specific detection method. The time window depends 

on the time of appearance of apoptotic cells after the inducing event and the length of 

time before apoptotic cells disintegrate in culture or are phagocytosed in vivo, or are no 

longer responsive to the specific assay. The cell type and apoptotic inducer also make the 

length o f the time-window variable. Once the individual cells pass the specific time- 

window of the assay they are not counted as apoptotic cells. This underestimation of 

apoptosis is a critical disadvantage in interpreting apoptosis induction by therapeutic 

agents.

The estimation of the cumulative amount of apoptosis is much more valuable 

than apoptotic index for determining the effectiveness of therapy. A couple of methods
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have been used to aequire a more accurate estimation of the incidence of apoptosis. One 

is to halt the apoptotic disintegration process and the other is to calculate the disintegrated 

population. The purpose of both methods is to calculate the cumulative apoptotic index 

(CAI) (19,21). The fluorescent inhibitor of caspases (FLICA) FAM-VAD-FMK (2,20) 

was used to arrest cells in apoptosis, thereby preventing their disintegration or exit from 

the time-window of the assay (22). However, the FLICA assay has several disadvantages. 

First, the continuous existence of inhibitor can affect the kinetics of apoptosis induction, 

the cell cycle, and other cell signaling and metabolic activities. When cell cycle 

perturbations are analyzed along with apoptosis detection, the FLICA assay is not an 

appropriate method. Second, the FLICA assay is applicable only in the analysis of 

caspase-mediated apoptosis. Third, the existence of additional binding sites for FLICA 

could result in the overestimation of CAI. Fourth, this assay should be carefully tested for 

the proper concentration of FLICA to block the progression of apoptosis. In the second 

approach for CAI, a non-cycling cell line was used so there are no new cells resulting 

from cell division. Thus, the comparison o f cell number before and after a treatment 

allows one to calculate the disintegrated cells and correct for them (19). This method is 

not good for cycling cells, though.

As the knowledge of genes involved in apoptosis grows, there is a need for new

tools and models for evaluating therapy at the individual cell level with the change of

status o f multiple genes. Although DNA chip technology gives information on gene

expression, the signal networking of these genes and overall cellular phenomena could

not be analyzed with only chip technology. Moreover, a quantitative and mathematical

analysis of the relationship between cell cycle specific apoptosis, CAI and cell cycle
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progression has not yet been developed. Such an analysis may be useful in studies 

exploring the cell cycle response to suppression of genes and therapeutic drugs. Cancer 

cells frequently abrogate cell cycle checkpoints while normal cells activate their 

checkpoints in response to DNA damaging agents. The differences between normal and 

cancer cells to a therapeutic treatment could he better understood with a new model. In 

the present study, I have developed three techniques; an ‘apoptotic quotient calculation’ 

to estimate the amount of apoptosis from each cell cycle phase, a ‘CAI estimation 

model’ to calculate the CAI using time course AI data, and a ‘cell cycle progression 

model’ to understand and evaluate apoptosis and its interaction with cell proliferation.

The apoptotic quotient calculation is for estimating how many apoptotic cells 

come from each cell cycle phase. This calculation is performed with Multi-2D® and 

Multicycle® software.

To overcome the disadvantages of FLICA and non-cycling cell assays for 

estimating the cumulative apoptotic index (CAI), as described above, I developed the 

CAI estimation model to estimate CAI by the kinetics of apoptosis. Based on measuring 

apoptotic index (AI) at multiple time points after a treatment, the kinetics of apoptosis 

can be explained as follows: First, the cells, which start apoptosis early, exit the time- 

window early (first in, first out). Second, the time-window (T, )̂ is a constant time in a 

given system. Third, the shape o f the AI time-dependent graph is a guideline for how 

many phases of apoptosis exist. When the graph is symmetrieal (the apoptotic induction 

rate {AIR^ equals the exit rate from the time-window), apoptosis occurs in a uni-phasic 

manner. If not, it could hi- or multi-phasic. Fourth, the apoptotic induction rate {AIR^ of

each phase is calculated. Fifth, the length of each phase (7;) is calculated.
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In order to obtain a comprehensive understanding of the effects of a treatment on 

apoptosis and cell cycle alterations, I developed a cell cycle progression model, which 

determined other important cell parameters. The number of cells counted at each time 

point, the amount of induced apoptotic eells at each time point by AI and CAI, and the 

change o f cell number in each cell cycle phase between every time point were measured, 

analyzed, and calculated based on the explanation and equations in the Materials and 

Methods section (Chapter 2). A cell cycle progression model was used to calculate all 

constants and variables, including the number of apoptotic cells from each cell cycle 

phase, the existence of cell cycle blocks with cell cycle progression, and cell cycle- 

specific resistance or sensitivity to apoptosis. 1 defined several parameters for explaining 

the model, which are the apoptotic quotient (ApQ), apoptosis probability index (API), 

efflux coefficient (EC) and the degree of sensitivity. ApQ  represents the amount of 

apoptosis for each cell cycle phase, API represents the number of apoptotic cells expected 

in each phase if  the treatment is not cell cycle specific and EC represents the existence of 

blocks in cell cycle phases. When EC  is negative, it represents a cell cycle block. The 

degree of sensitivity indicates whether specific cell cycle phases are sensitive or resistant 

to an apoptotic agent.

The results after a 6.25-pg/ml etoposide treatment for 3 hr reported in Chapter 3

support previous results that apoptotic HL-60 cells mainly came from S phase (77.9 % =

S phase apoptosis/total apoptosis) (13). These results also show that HL-60 cells treated

with 6.25-pg/ml etoposide for 3 hr are blocked in Gi and G2/M phases. Gi arrest is

greater than G2/M arrest. G2/M arrest is not large when compared to heat shock-induced

G2/M block, maybe due to the nature of S-phase specific topoisomerase-induced
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apoptosis. This cell cycle arrest may permit DNA repair prior to mitosis. It has been 

reported that a larger Gi arrest results from a lower eoncentration of etoposide (6 ,1 0 ). 

Apoptosis could be induced following a G2 block with prolonged drug-treatment time at 

relatively low drug-coneentrations (6,10). DNA damage induced by higher doses of 

etoposide could trigger cell suicide through apoptosis directly, without cell progression to 

G2 . This phenomenon may be referred to as interphase cell death (23).

By comparing ApQ  and API, Gi and G2/M phases in HL-60 cells are resistant to 

etoposide and the S phase cells are sensitive. This indicates that the major target of 

etoposide in the cell cycle is S phase. This observation is consistent with the increased 

sensitivity of S phase eells to etoposide reported in the literature (5,7,17).

Etoposide treatment of HCW-2 eells, an apoptotic resistant variant o f HL-60 cells 

(14,15,16), gave an early S phase arrest, late Gi phase arrest, continuous G2/M phase 

block and increasing Tpot. After a 6.25-pg/ml, 3 hr etoposide treatment G2/M arrest 

increased with time. Slow progression and large delays lead to a larger doubling time. 

The increased Tpot in etoposide-treated cells resulted from effects on cell cycle 

progression without apoptosis.

The major differences between the parental cell line (HL-60 cells) and mutant cell

line (HCW-2 cells) after 6.25-pg/ml etoposide treatment for 3 hr are proliferation rate,

fractions between cell cycle phases and cell progression. HL-60 cells showed more

production o f  Gi cells than HCW-2 cells when total number o f  cells is compared. Cell

progression from S to G2/M (P2) and cell division (7 2 ) in Table 3.3 showed big decreases

with etoposide treatment when compared with control HCW-2 data in Table 3.2. HCW-2

cells, which did not produce apoptotie population, showed stronger G2/M cell cycle arrest
2 1 1
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than HL-60 cells. Although HCW-2 cells do not undergo apoptosis because of their 

inability to release cytochrome C from mitochondria, HCW-2 cells would experience the 

same amount of DNA damage by etoposide as to HL-60 eells. Thus, HCW-2 cells have 

to repair the DNA damage to finish the cell cycle because HCW-2 cells are not able to 

get rid of these damaged eells by apoptosis. Severe DNA damage substantially delays 

exit from mitosis in many cell types. This arrest occurs during metaphase by spindle 

assembly checkpoint after the destruction of cyclin A, and it is independent of functional 

p53 pathway (18). Therefore, HCW-2 cells do need more time for repair and have a 

stronger G2/M cell cycle arrest. Does this represent the gain of function for another cell 

cycle arrest relating gene, especially in the M phase checkpoint by etoposide treatment or 

the same cause with different results by nonfunctional apoptosis with the same cell cycle 

checkpoint gene functions?

A heat shock for 15 min at 45.0 °C produced 34.8 % cumulative apoptotic cells 

during 24 hr post-eulture. Analysis by the model predicted four apoptotic phases: first, r,,, 

equals 7, Ti equals 3 andN/i?; equals 4.5 % /hr; second, equals 7, T? equals 3 and AIR2 

equals 2.8 % /hr; third, 7,̂  equals l ,T i  equals 3 and AlRs equals 2.4 % /hr; and fourth, 7/,, 

equals 7, T4 equals 3 and AIR4 equals 1.9 % /hr. Early apoptosis come from G2/M phase. 

This apoptosis is caused by disruption of mierotubular proteins (4). Second apoptosis 

from Gi phase is caused by cells in division at the time o f heating, which entered G| 

without completing division. Apoptotic population from early S phase has less time 

available for the repair o f DNA damage before entering into the S phase without p53 

(24), which leads to problems during replication and causes some kind of interphase

212

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



death (25). Apoptosis from G2/M phase after 20 hr comes from cell cycle block with 

damaged slow moving cells.

A heat shock for 30 min at 45.0° C produced 93.6 % cumulative apoptotic cells 

during 24 hr post-eulture. The model predieted three apoptotie phases: first, equals 10, 

T] equals 4 and AlRi equals 9.9 % /hr; second, 7,̂  equals 10, T2 equals 4 and AIR2 equals

7.5 % /hr; and third, T„ equals 10, T3 equals 4 and AIR3 equals 6.0 % /hr. When heating 

time was increased from 15 min to 30 min, CAI increased 2.69 times (34.8 to 93.6 %), T,, 

inereased from 7 hr to 10 hr and 7) increased from 3 hr to 4 hr. Early apoptosis come 

from S and G2/M phase. This apoptosis is caused by direct damage of cellular proteins for 

DNA replication machinery and mitosis. Later apoptosis from all cell cycle phases is 

caused by undivided cells in Gi, S phase cells with unrepaired DNA damage (25), and 

disruption of mierotubular proteins in G2/M phase cells (4). Third apoptosis comes from 

Gi and S phases. Cellular damage induced by higher doses of hyperthermia eould trigger 

eell suicide through apoptosis directly, without cell cycle arrest at G2/M phase (9). After 

the cells with heavy damage are removed the remaining cells appears to follow the 

45.0°C for 15 min heat shock response. The degree of the block and sensitivity to 

apoptosis could be changed based on the doses of heat and culture time.

The CAI estimation model revealed important new information about the induction 

of apoptosis by hyperthermia. When the heat dose was increased from 15 to 30 min, CAI, 

Tw and Ti were also increased. The increase in CAI and Ti with a larger heat dose resulted 

in the production of more apoptotic cells and an increase in which means that the 

substrate for the assay existed longer for a greater heat shock.
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The analysis also demonstrated that apoptosis developed in several phases with 

different induction rates, and the AIRj decreased as the phase number increased. 

Apoptotic cells in the first phase could be a subpopulation of cells sensitive to the 

specific treatment. For example, S phase cells are sensitive to topoisomerase inhibitors 

(e.g., camptothecin and etoposide) as well as hyperthermia (8). After the sensitive 

population underwent apoptosis, the next phase of apoptotic cells could be dependent on 

several factors, including when damaged cells passed a cell cycle checkpoint after a 

single treatment (e.g., irradiation with post-eulture) or when healthy eells progressed into 

a sensitive cell cycle phase during continuous treatment (e.g., continuous culture with 

drugs). Thus, there is a gap between the phases, and the CAI curve increased step-wise 

instead of continuously. Both continuously increasing and step-wise increasing CAI 

curves have been reported with FLICA experiments (21).

The CAI estimation model has several advantages when it is applied to different

systems and cell line for understanding the kinetics and responses to the treatment. First,

it gives the cumulative information. Second, CAI could also estimate the kinetics of

disintegration of apoptotic cells, but the starting point of disintegration could not be

determined with our data. Previous approaches for calculating the disintegration of

apoptotic cells were done in non-cycling cell population (19). Computerized video time-

lapse microscopy can be used for determining the initiating point of disintegration

(9,11,12). If  one time-window is greater and includes the other time-window, that timc-

window could include part of the cumulative apoptosis from the other time-window. For

example, the loss of membrane integrity is very late step (9,11,12) and could happen just

before disintegration of apoptotic cells. Thus, the time-window for membrane integrity
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measured by dye exclusion is greater than the time-window for other assays such as 

TUNEL. Third, when CAI is compared with clonogenic survival, it should give a much 

better agreement than comparing AI with clonogenic survival. The existence of non- 

apoptotic death, or necrotic death by insult could be inferred by a disagreement of CAI 

and clonogenic survival. Fourth, this model could also be applied to different types of 

time-lapse data for calculation of cumulative results (i.e., cumulative protein expression 

and cumulative mutation frequency, etc). In detail, when a particular cyclin is measured 

with flow cytometry, the cumulative number of cells which express cyclin could be 

calculated. This calculation could provide information on the fraction of cycling cells in 

the population. Moreover, the model could analyze how long a specific protein is active 

or functional and the cumulative amount of protein expression. Finally, this model is not 

limited to certain cell lines and assays, does not need special treatment to culture, and 

does not affect the assays, which other assays could do.

The apoptotic population with dose-dependent heating at 45.0° C followed a

sigmoid curve when the heating time increased. A mild heat shock (45.0° C, 5-20 min)

caused the accumulation of cells in Gi and G2/M phases after 12 hr at 37° C whereas a

severe heat shock (45.0° C, 20-60 min) reduced the number of non-apoptotic cells in all

phases because apoptotic population are increased. The apoptotic population came from S

phase cells after mild heat shock and from all cell cycle phases after severe heat shock.

These results indicate that there are significant changes in the response o f  cells after 15-

30 min at 45.0° C, and after 45 min at 45.0° C. Between 15 and 30 min o f heating there

was a transition from cell cycle blocks to apoptosis in Gi and S phase and a maximum

cell cycle block in G2/M phase. Between 45 and 60 min of heating there were significant
215
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changes in all cell cycle phases, probably representing a change in cell killing from 

apoptosis to necrosis or some other mode of cell death.

In iso-dose experiment a statistical comparison by t-test shows that there was no 

statistically significant difference in the number of apoptotic cells for heat treatments at 

42.0° C for 2 hrs and control, but there was a significant difference between heating 

above 43.0° C for 1 hr and control. There was no statistically significant difference 

between 42.0° and 43.0° C, and between 45.0° and 46° C. Thus, in the apoptotic analysis 

of iso-dose heat shock, 44° C is a changing point. Heat shock lower than 44.0° C (42.0° -  

43.0° C) could cause repair as a dominant phenomenon. Heat shock higher than 44.0° C 

(45.0° -  46.0° C) could cause apoptosis as a dominant phenomenon. Contrary to changing 

point (43.0° C) of CHO cells (8), 44.0° C for 30 min is the changing point in HL-60 cells. 

This difference might come from different assay and different cell line. Because 

fibroblasts are more resistant to heat than lymphoblast cell lines, my iso-dose time- 

temperature conditions had to be increased twice or more to get similar results as for 

fibroblast (i.e., 44.0° C for 30 min to 44.0° C for 1 hr). If the time-temperature conditions 

are chosen in exponential area of the curve in Fig. 6.5, the results would show the 

different changing time-temperature combination. These data confirmed again the 

importance of proper time-temperature combinations for hyperthermia. Moreover, 

apoptosis also show the changing point of iso-dose hyperthermia.

Several advantages are suggested when ‘cell cycle progression model' is applied 

to different system and cell line for understanding the cell cycle and cell responses to the 

treatment. First, if any apoptotic-laheling assay could be used with bivariate histograms
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and paraformaldehyde fixation using flow cytometry, this model could provide much cell

cycle information. For example, data from a fluorescent inhibitor of caspases (PLICA)

FAM-VAD-FMK assay with paraformaldehyde fixation could be used with this model

(21). Also, data from Bax labeling for translocation to mitochondria could be used (1).

The sub-Gi apoptotic assay is used for measuring apoptosis by univariate DNA

histograms based on the loss of low molecular weight DNA during the apoptosis.

However, this method has a problem for accurately measuring apoptosis. When the

permeabilization step shows the sub-Gi peak, the apoptotic cells shift to lower DNA

content because of loss of DNA. If all cell cycle phases undergo apoptosis, the apoptotie

population from G2/M phase eould overlap with Gi peak, thus underestimating the

apoptotic cell number. Thus, sub-Gi method ean be used only for detecting an apoptotic

population qualitatively. Unlike univariate histograms, bivariate histograms eould give

more data (apoptotic and non-apoptotic populations) and no overlapping results. If the

cells could be labeled with an apoptosis-specific antibody and produce bivariate data

from flow cytometry, ‘cell cycle progression model’ could be applied. Second, ‘cell cycle

progression m odel’ is unlike any other previous model using exponential growth

population and mathematics because ‘cell cycle progression m odel’ is calculated by

actual flow cytometry data. By using 9 measured parameters {No, Nt, Ap, A q, Bq, Cq, At, Bt

and Ct), 15 parameters (ApQ (aj, and yi), A P I (Gj, S  and G2), a2, P2, j 2, f^i, ys,

E C gl ECs and ECg2/m) could be calculated with all equations in Materials and Methods.

The third advantage is the analysis of differences between the normal and cancer cells. A

strategy designed to protect normal cells from cycle-dependent lethal agents by

exploiting differences in cell cycles o f normal and cancer cells is applied for cancer
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therapy. In the combination of pretreatment and post-treatment, such pretreatment 

prevents normal cells from entering S or M phase and thus protect them against S-phase- 

and M-phase-specific agents. For the selective protection of normal cells, several 

mechanism should be considered as follows; i) loss of p53-dependent checkpoints, ii) 

growth factor-activated pathways, iii) CDK inhibitors, and iv) drug resistance (3). 

Toxicity to normal cells is unavoidable if drugs do not have a highly specific cancer cell 

target. When the differences between normal and cancer cells are maximized with ‘cell 

cycle progression model the side effects are minimized and better tumor control could 

be achieved. The fourth advantage is that ‘cell cycle progression model ’ can be used as a 

searching tool for a new cell cycle regulating proteins. The data from cell cycle blocks 

and progression could be a good guide in searching for possible candidate by narrowing 

down the possibility and a good help for selecting genes when DNA array is designed. 

For example, if  a Gi cell cycle block was detected in a p53 mutant cell line, it indicates 

the probable existence of a Gi related checkpoint protein other than p53 after treatment. 

Fifth, in the reverse way, the effect with gene-knockout or gene-interference by SiRNA 

treatment and inhibition of a group o f cell cycle regulating member could be assayed and 

the changes in cell cycle arrest and progression could be calculated by ‘cell cycle 

progression model This study could be extended to an analysis of cell cycle progression 

and apoptosis changes in mutants, and could help to understand the molecular basis of 

cell cycle and apoptosis interactions by diverse mutations in genes regulating cell cycle 

and apoptosis. Although our model is not strong enough to explain all the questions for 

understanding cell cycle phenomena, ‘cell cycle progression m odel’ could be a good
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system for explaining cell cycle progression, arrest and cell cycle-specific apoptosis, and 

mechanism-based therapeutics for better cancer treatment.

A possible problem could be suggested when ‘cell cycle progression m odel’ is 

applied to different systems. Prolonged eultures could have an undeteetable necrotic 

population. It indicates the probability of underestimation of eell death population. This 

problem could be solved with the help of necrotic cell detection methods, such as 

annexin-V assay and FLICA assay if  cells undergo caspase-mediated apoptosis (21) and 

computerized video time-lapse microscopy (9,11,12).
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