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AbStroCf

Virtually all cytotoxic agents used to treat human malignancies selectively target dividing

cells. Genetic characteristics unique to individual cell types are likely to modify cell

survival and cell cycle perturbations after treatment. The p53 tumor suppressor gene

regulates the G1 checkpoint in response to radiation. Using human glioma cell lines

differing in p53 function, cytokinetic changes, chromosomal aberrations, and cell survival

were measured in irradiated G1 cells. Although the presence of a G1 checkpoint (wild-type

p53) was associated with reduced clonogenic survival, it was not accompanied by a

increase in the total number of chromosomal aberrations. Cells expressing a dominant

negative p53 mutant had increased numbers of balanced translocations, but only at the

highest radiation dose used (6 Gy). Additional results from these experiments suggest that

wild-type p53 does not affect induction of DNA damage directly but, when present, may be

involved in removing damaged cells from a cycling population. Cells wild-type for p53

have increased sensitivity to ionizing radiation in all phases of cell cycle compared to cells

mutant for p53. The anaphase to metaphase transition during mitosis is believed to be the

location of the checkpoint that is dependent upon accurate spindle assembly. Paclitaxel

(TaxolTM) is a natural product chemotherapeutic agent that stabilizes microtubules. Cell

survival and cell cycle perturbations after paclitaxel treatment was studied in three human

glioma cell lines: SF-126, U-87 MG and U-251 MG. Although, paclitaxel-induced cell

killing plateaued above a threshold concentration, increasing treatment duration increased

cell killing. U-251 MG cells showed a much larger degree of cell killing after palitaxel

treatment as compared to the other two cell lines. Cell cycle analysis revealed that U-251

cells did not arrest in mitosis. In addition, a large fraction of U-87 MG cells appeared to

vii



re-enter S phase without undergoing cytokinesis. These results suggest that the activity of

the mitotic spindle checkpoint varies between tumor cell lines and its presence may

contribute to the overall cellular response following paclitaxel treatment.

Dennis F. Deen Ph.D.

Chairman, Thesis Committee
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Chopter 1 Introduction

OVERVIEW

Normal eukaryotic somatic cells undergo a predictable series of events culminating

in cytokinesis and the formation of two daughter cells. The regular progression of these

events is defined as the cell cycle. In multi-cellular organisms, cell division occurs most

rapidly during development, repair of tissue damage, and in organs that require continual

cell renewal, i.e. bone marrow and epithelium. At the most fundamental level,

uncontrolled cell division can be viewed as a necessary feature of tumor progression (71,

72, 79). Cell cycle research is not only important for understanding oncogenesis but is a

prerequisite to the design of successful therapeutic strategies.

The use of modern molecular biological techniques to answer basic genetic and

biochemical questions has led to a more detailed understanding of the cell cycle (138). An

important milestone was the biochemical purification from frog embryos of a protein

complex, called MPF, that regulates the cell cycle (54, 68, 91, 122). One component of

MPF is a protein kinase, a member of a family of proteins called cell division kinases, or

CDKs, that are required for progression from one cell cycle phase to the next. These

kinases control the activity of other proteins by phosphorylating specific amino acids,

usually serine, threonine or tyrosine residues (141, 185). There are at least six CDKs in

human cells, which may allow for more refined control of cell cycle progression.

Additional specificity is provided by a large family of proteins called cyclins that associate

with and are necessary for CDK activity.

There are several lines of research that have led to the realization that oncogenesis

and abnormalites in cell cycle regulation occur together. First, it is accepted that an



accumulation of genetic changes in different loci are required before a fully established

malignant phenotype emerges. Some of the genes that are commonly mutated are direct

participants in the cell cycle (85, 86). As tumors progress through stages of neoplasia

in-step with these genetic changes, their proliferative potential and malignant features also

increase (46, 208). Second, many oncogenes, regardless of their own function, eventually

affect cell cycle progression. As an example, the RAS mediated TGFB signal transduction

pathway ultimately regulates the progression of cells through late G1. Transfection of

dominant oncogenes into normal cells usually leads to increased growth rates and loss of

contact inhibition. Finally, it appears that most cellular mechanisms activated in response

to cellular and genetic damage cause cell cycle perturbations. The best known and most

thoroughly documented example of this is the tumor suppressor gene, p53. Loss of

wt p53 function results in the absence of a G1 checkpoint and contributes to further genetic

instability in certain cell types.

This thesis describes the effects of ionizing radiation and paclitaxel, two cancer

therapeutic agents, upon human glioma cells grown in vitro. In particular, experiments

were designed to test if a relationship exists between cell cycle perturbations and cell

survival. Ionizing radiation produces chromosomal aberrations in a dose dependent

manner which can be detected in mitotic cells. Using isogenic cell lines that differed in p53

function, experiments were done which measured the G1 arrest, cell survival, and the

formation of chromosomal aberrations following ionizing radiation. This work is

described in Chapter 2. Another observation associated with cell killing after irradiation is

the age response, i.e. cells irradiated in different phases of the cell cycle have different

sensitivities to ionizing radiation. Typically, S phase cells are most resistant and G2/M

phase cells are most sensitive. The magnitude of the age response in cell lines that differ in

p53 function is described in Chapter 3. To assess cell cycle perturbations ocurring later in

the cell cycle, the effect of paclitaxel upon cell survival and cell cycle progression was



investigated. Paclitaxel is a specific anti-microtubule agent that causes cells to arrest in

mitosis. Cells were treated with paclitaxel alone and in combination with ionizing

radiation. These experiments are described in Chapter 4. Finally, a statistical technique to

analyze data obtained from the clonogenic assay, used extensively in these experiments,

was developed and is described in Chapter 5.

RADIATION BIOPHYSICS

Interaction of ionizing radiation with biological material results in energy deposition

unevenly through the sample. Electromagnetic radiation, i.e. an x-ray beam, can be

regarded as a wave function as well as a stream of photons carrying discrete packets, or

quanta, of energy. If the energy carried by a photon either breaks or modifies covalent

bonds in intra-cellular molecules, biological effects may then ensue. The energy of

individual quanta is determined by hv, where h is Planck's constant and v is the frequency

of the radiation." Quanta of non-ionizing radiations have insufficient energy, in general, to

modify covalent bonds. Energy deposition causes electrons to be raised to higher energy

levels and may result in ejection of electrons if the photon energy exceeds the electron

binding energy. Accelerated particles, protons and neutrons, are also used in therapeutic

settings. By virtue of their particulate nature, these radiations deposit energy in discrete

areas and set in motion other particles such as protons and 0-particles. A specific type of

radiation has biological effects only if some of its energy is absorbed by the medium it

passes through. This is reflected in the physical unit of absorbed dose, the Gray (Gy)2,

12.4

A(A)| Photon energy (E) is related to wavelength (A) by: E(keV) = . One kiloelectron volt (keV) is the

energy acquired by an electron accelerated through 1000 volts.
2 One Gy is equal to 100 rads.



which is equivalent to 1 joule/kg of tissue. Different radiations, e.g. neutrons versus

x-rays, produce dramatically different effects upon tissue.

X-rays, Y-rays and accelerated particles are all ionizing radiations. Electromagnetic

radiations are considered to be ionizing if they have photon energies in excess of 124 eV.

Any form of ionizing radiation, however, may interact with a vital target, e.g. DNA,

creating ions and subsequent chemical modifications. This is the direct action of radiation

which predominates for particulate radiation (protons, neutrons or O-particles). For

example, a neutron will collide with the nucleus of an atom in the absorbing material to

produce nuclear products such as recoil protons. Some authors support the theory that

direct action causes most of the biologically significant damage (102). Conversely, another

mechanism that is believed to be more important is the interaction of a photon with orbital

electrons of the absorbing intra-cellular medium, of which water molecules are the most

common. This interaction ejects fast electrons from outer shells that create multiple

ionizations along their tracks. This mechanism, the indirect action of radiation, is the

predominant one for x-rays and Y-rays. The time course of these early events is extremely

rapid. The initial ionization occurs in 10-13 seconds. Ion radicals and free radicals exist

for only 10-10 to 10-3 seconds. The consequences of radiation-induced chemical

alterations may not be expressed for hours or days, if the parameter is cell killing; and

potentially years if genetic changes are not manifest until following generations.

DNA AS THE TARGET FOR IONIZING RADIATION

While radiation produces ionizations randomly throughout the cell, it has been

assumed that DNA damage determines cell survival. Damage to other cellular components,

such as proteins, mRNA, and lipids, are not believed to be significant because many copies



of these components exist and damaged molecules are presumably replaced by normal

turnOVer.

Initial experiments, using ionizing particles with a limited range, selectively

irradiated the nucleus and spared the cytoplasm (133). Using survival as an endpoint, cells

whose cytoplasm was selectively irradiated tolerated ten times the radiation dose compared

to cells that received mainly nuclear irradiation. This suggested that a nuclear target

determined the degree of cell killing. A more specific result was obtained from experiments

where cells that incorporated a radioactive DNA precursor, 125I-iododeoxyuridine, were

two orders more sensitive to decay events when compared to cells that were treated with a

compound that localized to the cell membrane, 125I-labeled concavalin A (214). Finally,

other investigators observed radiation sensitization after allowing cultured cells to

incorporate halogenated pyrimidines into newly synthesized DNA (195).

The major types of DNA lesions caused by x-rays and Y-rays are base damage,

DNA-DNA or DNA-protein crosslinks (DPCs), and scissions of the phosphodiester

backbone leading to single strand breaks (SSBs) or double strand breaks (DSBs) (51, 80,

164, 209). Lesions are characterized as being simple, i.e. with no damage to neighboring

groups, or complex, where combinations of lesions or multiple lesions exist (211, 212).

These represent only broad categories of lesions since the exact chemical changes are

extremely diverse. It is unlikely that these different types of damage are repaired with equal

efficiency or fidelity.

The majority of data acquired so far support the theory that DNA DSBs are the

significant lesions that cause cell killing following ionizing radiation. Theoretically, a DSB

is formed either by cooperation of two SSBs or a single event involving both strands. It

appears that a single event involving both strands, defined as a local multiply damaged site

by Ward (211, 213), is the most important type of lesion. Results from experiments using

a variety of assays to study non-rejoined DNA breaks, unrepaired DSBs, and chromosomal



aberrations all demonstrate a strong correlation between DNA DSBs and cell killing (1, 51,

132, 142, 143, 150, 165, 199). Other lesions do not appear to be as important. DNA

SSBs do not correlate with cell killing (211, 213). DPCs are caused by the formation of

covalent bonds between DNA and nuclear matrix proteins (24, 223). Evidence suggests

that DPCs do not play a role in radiation-induced cell killing (147).

CYTOKINETIC CHANGES FOLLOWING IRRADIATION

Cells do not arrest randomly in the cell cycle in response to ionizing radiation (99,

134, 149, 151, 152, 224, 228). Failure of progression commonly occurs during late G1

into S phase, during S phase, and from late G2 into M phase (Figure 1.1). In a classic

experiment done in Robert Painter's laboratory (151), an 8 hour division delay was

demonstrated in HeLa cells by measuring the percentage of mitotic cells (the mitotic index)

at a number of time points following a 5 Gy dose of ionizing radiation. In later

experiments Painter showed that this delay was due to a reduction in the rate of DNA

synthesis (149). Terasima and Tolmach found that the division delay depended on the cell

cycle phase when irradiation was performed. It was longest for cells in G2, shortest for

cells in G1 and intermediate for cells in S (198). These data were confirmed by Leeper and

colleagues who proved that the duration of the G2 "arrest" was dose-dependent (99).

There is evidence that the G1 arrest in some cell types may represent an irreversible block to

progression (36). While the exact meaning of "arrest" versus "delay" can be confusing, at

the experimental level what is usually measured is the change in proportion of cells in the

four cell cycle phases, i.e. the percentage of cells in G1, S, G2 or M phase.

Technically,the most difficult step in most cell cycle studies remains the isolation of

synchronized cell populations that can then be studied further.



G/S Checkpoint
(p53 dependent)

G2/M Checkpoint

Figure 1.1. The cell cycle. A p53-dependent arrest in late G1 occurs following
DNA damage. A dose-dependent delay to progression after ionizing radiation
occurs in late G2. Mitosis (M phase) is the shortest while G1 is the most variable.



CELL CYCLE CHECKPOINTS

Wild-type yeast cells (S. cerevisiae) arrest in G2 following irradiation. These are

identified as budded cells that have failed to enter mitosis. Those that repair DNA damage

progress into M phase after a delay and remain viable. Evidence that attributed a specific

gene to a delay in cell cycle progression following ionizing radiation was initially reported

by Weinert and Hartwell (217). At that time a large number of mutants, identified by the

designation rad,” were known to be radiation sensitive. Weinert and Hartwell screened

several of these mutants for failure to delay in G2 following irradiation. They reasoned that

the function of the G2 delay was to allow repair to occur before progression into M phase

so cells defective for a G2 delay should be more sensitive to DNA damage. Using this

strategy, one mutant, rad9, was identified that failed to arrest in G2. This mutant was

originally isolated in 1968 by Cox and Parry but its exact role at that time was unknown

(32). Further characterization of this mutant confirmed that the absence of a G2 delay led to

increased radiation sensitivity. As well, an artificial 4 hour G2 delay created by drug

treatment in rad9 mutant cells increased viability dramatically. From these experiments,

Weinert and Hartwell coined the term "checkpoint" to indicate a decision point in the cell

cycle where specific gene products that monitor cell cycle progression respond to cell

damage by delaying the cell cycle thereby increasing the chances for repair.

This concept was expanded by Murray when he postulated that components of such

a monitoring system (a "feedback control" system) consisted of a) a sensor to detect

damage, b) a signaling pathway that communicates this information, and c) a component of

the cell cycle machinery that mediates the actual arrest at a precise point, i.e. the checkpoint

* Genetic nomenclature is inconsistent. In this thesis, genes are named by an italicized short form
(MDM2 or p53) and the corresponding protein by an un-italicized form (MDM2 or p53). Names for certain
proteins, such as p21 or p53, refer to their measured molecular weight. Budding yeast (S. cerevisiae)
nomenclature specifies a lower case italicized form for the mutant gene usually followed by a number. The
wild-type gene is designated by upper-case letters.



(137). A large number of genes have now been identified in yeast that respond to a variety

of stimuli such as unreplicated DNA, damaged DNA, and improper spindle assembly. The

work done in yeast supports the concept that cellular damage or dysfunction is assessed

and potentially repaired in G2 prior to cell cycle progression.

The mammalian G2/M CDK, CDC2, is required for cells to progress from G2 into

M phase. The activity of CDC2 is modulated, in turn, by other kinases (131). The total

amount of CDC2 protein remains the same throughout the cell cycle but its association with

cyclin B and phosphorylation of critical residues determines the timing of its activity.

Rapid dephosphorylation of tyrosine residues at positions 14 and 15 on CDC2 causes

activation of the CDC2-cyclin B1 complex. Phosphorylation of these proteins is thought

to lead to mitotic events such as chromosome condensation and disappearance of the

nuclear membrane. Rapid degradation of cyclin B1 subsequently triggers movement from

metaphase into anaphase. Mutations of cyclin B1 that interfere with protein degradation

effectively arrest cells at the metaphase/anaphase boundary.

As expected, the normal biochemistry of the cell cycle is affected by ionizing

radiation (118). HeLa cells blocked at the G1/S boundary pharmacologically and then

released into drug-free media remain synchronized for enough time to study cell cycle

phase specific events. Using this method, investigators found that cells irradiated shortly

after release into S phase progressed slowly through S phase and demonstrated a prolonged

G2 delay (139). Accompanying this delay, cyclin B1 mRNA levels remained low. If cells

were irradiated in early G2, cyclin B1 mRNA levels rose but protein levels remained low.

This indicated that radiation regulates cyclin B levels at both the mRNA and protein level,

depending upon the cell cycle phase where irradiation occurs. As expected, the ability of

CDC2 to phosphorylate histone H1 (a measure of its kinase activity) in vitro is inhibited

rapidly after irradiation (113). There is some evidence that the length of the G2 delay
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correlates with increased survival (124, 193). This provides an explanation for the purpose

of the cell cycle delay, i.e. allowing DNA repair to occur prior to mitosis.

P53 STRUCTURE AND FUNCTION

The p53 protein was first discovered as a cellular protein that co-precipitated with

the SV-40 virus large T-antigen, which is involved in subverting the growth control

mechanisms of quiescent cells (96). p53 belongs to a class of gene products, called tumor

suppressors, that curb excessive proliferation (103, 206, 207). Some years passed before

the realization that p53 was one of the most commonly mutated genes in human cancer

(59). p53 is, however, not an essential gene. Knockout mice lacking both copies of the

p53 gene are normal at birth but a majority develop tumors, primarily lymphomas and

sarcomas, before they reach 6 months of age (40).

The p53 protein is a transcription factor that has at least four domains: an amino

terminal domain, a core domain, an oligomerization domain and a carboxy-terminal domain

(155).4 The amino domain carries the site where interaction with transcriptional machinery

occurs, the so-called transactivation domain. This site is the target for the cellular protein

MDM2 and the adenovirus E1b protein (107). Both of these proteins interfere with the

transcriptional activation function of p53. Indeed, MDM2 can function as an oncogene

when overexpressed by interfering with p53 function (130, 148).

The core domain is required for sequence-specific binding of DNA. The 20 bp

consensus binding site consists of two copies of a 10 bp sequence separated by up to

13 bp (42, 52). The common mutations in the core domain found in human tumors

* Proteins often have discrete modules, or domains, that each perform one function. A single protein
domain independently expressed will often retain its own function in the absence of the remainder of the
protein.
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inactivate growth suppression caused by p53, presumably by not allowing targeting of the

protein to specific DNA sites (156). It should be noted that p53 also can bind to DNA in a

non-specific manner and suppress a variety of promoters containing TATA elements (111,

116, 121, 162, 170, 177, 201, 204).

The oligomerization domain is required for p53 to form a tetramer, a complex with

three other p53 molecules, that is required for efficient binding to DNA sequences.

Mutations in this domain interfere with the ability of p53 molecules to form tetramers.

When one allele in a cell contains a mutation in this domain and is expressed with a

wild-type allele, p53 function is abrogated since p53 complexes contain both wild-type and

mutant proteins and are, therefore, inactive. When this occurs the p53 mutant is said to be

"dominant-negative" since the presence of only one mutant allele can result in a mutant

phenotype. This is in contrast with the classical description of tumor suppressor genes that

require inactivation of both alleles before a phenotype is evident.

The carboxy-terminal is involved in the non-specific association of p53 to free DNA

ends (7,145). This may represent the connection to DNA damage if p53 induction after

ionizing radiation, for example, is found to be dependent upon DNA binding. There are

clearly multiple functions of p53, since the carboxy-terminus can be deleted without an

effect upon growth suppression (156).

There is an observed level of genomic instability in malignant cells. It is difficult to

say whether this instability causes tumor progression or if it is a consequence of this

process. Some studies have noted that X-irradiation causes ongoing chromosomal

aberrations many generations after the initial DNA damaging event (21, 120). Loss of

wild-type p53 predisposes cells to gene amplification when grown in a certain selection

medium (112, 225). These findings suggest that after an appropriate stimulus, cells with

mutant p53 should demonstrate greater genetic variation in later generations.
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P53 AND THE G1 CHECKPOINT

Early studies that showed p53 is a substrate of and associates with CDC2 hinted at

the relationship between p53 and the cell cycle (13, 126). By studying wt p53 myeloid

leukemia cells, Kastan was the first to demonstrate, with immunoprecipitation and Western

blotting, that p53 protein levels rise after Y-irradiation (87). This response is rapid (one

hour after irradiation) and occurs after relatively low radiation doses (105 c6y). Using

flow cytometry to examine cell cycle progression, Kastan also noted that a percentage of

G1 cells failed to enter S phase following a 208 cóy radiation dose. Although Little

demonstrated a G1 arrest following irradiation as early as 1968 (109), the cause was

unknown at that time. Kastan's results provide strong evidence that p53 is involved in the

progression of cells from G1 into S phase. The teleological reason reported for the purpose

of the G1 arrest is that it permits repair of DNA damage prior to attempting replication.

Experimental evidence from yeast supports the concept that a delay in cell cycle

progression before the start of a critical process, such as DNA synthesis or mitosis, allows

a period of time during which damage can be repaired (215, 217). There is no definitive

proof in mammalian cells, as yet, that the G1 delay leads to increased repair of DNA

damage (134, 136). In fission yeast, the G2 delay and radiosensitivity are genetically

separate, thus providing a precedent for such a finding for the G1 checkpoint in mammalian

cells (9).

A number of reports in the past few years have shown that the presence of wt p53

leads to either no change or increased cell killing after irradiation (4, 14, 15, 98). This, of

course, is opposite to the result one would expect if the G1 checkpoint served a protective

function. The activation of the G1 checkpoint in normal human fibroblasts (wt p53) was

shown in a recent paper to lead to a prolonged, and presumably permanent, G1 arrest

resembling senescence (36). This clearly suggests that in certain situations the function of
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the G1 checkpoint is not to allow repair prior to entry into S phase but to prevent the

growth of damaged cells.

P53 REGULATED GENES

Because p53 is induced after irradiation, an obvious question is: Which genes are

controlled by p53? Several genes have been discovered that are regulated by p53 including

one that directly links p53 and the cell cycle. Using subtractive hybridization,” a

p53-inducible gene, WAF1, was identified that suppresses tumor growth in vitro (43, 64,

69). The protein, a phosphatase named p21WAF/CIPI or just WAF1/CIP1, is a potent

inhibitor of several CDKs and delays progression through the cell cycle (Figure 1.2) (222).

Accompanying p53 induction, WAF1/CIP1 is induced following ionizing radiation and

precedes a G1 arrest (41).

The GADD (Growth Arrest and DNA Damage-inducible) genes were isolated from

a larger pool of clones by virtue of increased levels of mRNA expression after treatment

with agents that caused DNA damage or conditions that led to growth arrest (50). One of

these genes, GADD45, was strongly induced after X-irradiation (153). By studying a

variety of cell lines, including those from ataxia telangiectasia (AT) patients,” Kastan and

colleagues determined that GADD45 was not induced in cells that lacked the AT and/or

p53 genes (88). These results strongly suggested a connection leading from the AT protein

to p53 to GADD45.

5 This technique allows the isolation of mRNA molecules that are expressed in one population of cells but
not in another. cDNA is first made from poly (A) mRNA. cDNA molecules that are similar hybridize
together and are subsequently excluded. Only those cDNA species that are different, therefore
single-stranded, are left and are selected for further analysis.
* Ataxia telangiectasia is an autosomal recessive disease with a complex phenotype that includes
sensitivity to ionizing radiation.
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Figure 1.2. p53 and the cell cycle. The current model suggests that induction of
wt p53 increases the expression of p21WAF1/CIP1 resulting in a G1 cell cycle
arrest.
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The function of GADD45 remained unknown until in vitro experiments

demonstrated an association with nucleotide excision repair (NER). NER is the dominant

process involved in the removal of a damaged base or nucleotide using the coding

information of the complementary strand (28, 169). This process is best characterized in

the removal of UV-induced base damage. It is known that a cellular protein called

proliferating cell nuclear antigen (PCNA) is involved in both DNA replication and repair

(117, 157, 158). PCNA also associates with DNA polymerases 6 and e and is required for

NER (179). Smith and colleagues have showed that GADD45 associates with PCNA and

when added in excess to an in vitro assay, promotes NER (183). The conclusions from

these studies point to a connection between the p53/GADD45 pathway and DNA NER.

P53 AND APOPTOSIS

Apoptosis refers to a process of cellular death that is characterized by specific

morphological and biochemical features which differ from acute necrosis (89, 161, 221).

Necrosis is distinguished by cell swelling and lysis often producing an inflammatory

response. In apoptosis, there is cellular shrinkage, chromatin condensation, nuclear

blebbing, non-random DNA fragmentation and rapid phagocytosis by macrophages.

Apoptosis is distinguished from other types of cell killing because it requires specific gene

products and can be attenuated by inhibitors of protein synthesis.

In older studies, dead irradiated cells were described as having undergone a

"reproductive" death or an "interphase" death. Reproductive death is the inability of a

single cell to produce a colony of at least 50 cells. This is usually measured by the standard

clonogenic assay. This form of death is believed to be due to the formation of

chromosomal aberrations that prevent successful mitoses (10, 159). Interphase death
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refers to impairment of cellular function and loss of cell integrity prior to mitosis. This may

be identical to the events that are now recognized as apoptosis.

Although wild-type p53 is known to have anti-proliferative effects when introduced

into most cells in culture (8, 38, 125), introduction of the wild-type gene into leukemia or

colon cancer cell lines causes apoptosis (178,226). More convincing evidence about the

role of p53 in apoptosis comes from studies using cells derived from knockout mice.

Using mice homozygous for a p53 deletion, two groups of investigators demonstrated that

the absence of p53 protects thymocytes against apoptosis following ionizing radiation but

not in response to stimuli that mimic T-cell receptor engagement (such as phorbol esters) or

glucocorticoids (27, 115). This effect was dramatic since 50% of wild-type thymocytes

lost viability (measured by exclusion of FITC) after 2.5 Gy, while only 20% of cells null

for p53 lost viability after a much higher dose of radiation (20 Gy).

The actual initiation of apoptosis seems to depend upon the cell type involved. In

an experiment using p53-null or p53-heterozygous knockout mice, expression of a mutated

form of the SV40 large T antigen that interferes only with the Rb tumor suppressor protein,

and not p53, produced aggressive choroid plexus tumors in the null mice (194). This is

not surprising given that both tumor suppressor proteins are either non-functional (Rb) or

absent (p53). In p53 wild-type mice, however, there was an increased level of apoptosis

noted in the choroid plexus epithelium. This level of apoptosis was interpreted as

representing the elimination of excessively proliferating epithelial cells. Focal tumors that

arose in p53-heterozygous mice sustained a loss of the remaining p53 allele and

demonstrated a decreased level of apoptosis. Fisher, in his review, makes the point that

induction of apoptosis is a major reason why cancer therapy works in certain tumor types

(49). Apoptosis may be a method by which an organism is able to remove damaged cells

from the normal unaffected population.
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MICROTUBULE FUNCTION AND PACLITAXEL

Microtubules are extended polymers of 0.3 tubulin heterodimers (5, 119, 129).

Assembled into 25 nm hollow tubes, microtubules serve important structural and

functional roles in cells. Tubulin dimers are asymmetric which results in microtubules

having clear polarity with one pole being the plus-end and the other the minus-end.

Polarity is used by ATP-dependent motors to direct transport of sub-cellular organelles,

anchor ends of microtubules, and segregate chromosomes.

Microtubules are not static structures. They continually undergo transitions

between polymerization and depolymerization. This is termed dynamic instability. A

kinetic balance towards polymerization (termed rescue) causes microtubule growth while

greater rates of depolymerization (termed catastrophe) cause microtubule shrinkage. In

animal cells, microtubules are nucleated at specific structures called centrosomes (84, 128).

Prior to mitosis, the paired centrosomes separate and the microtubule array radically

reorganizes and forms a bipolar spindle. Phosphorylation by MPF is believed to cause

microtubule reorganization. Microtubules initially attach to one kinetochore causing the

chromosome to move poleward (31,92). Eventually, a microtubule from the other spindle

pole attaches to the opposite side of the kinetochore, thereby pulling the chromosome to the

equator and resulting in congression. The metaphase to anaphase transition, which is

signaled by sister chromatid separation, is dependent upon chromosome congression. A

chromosome that fails to reach the equator will cause a delay in the onset of anaphase.

Relaxation of this checkpoint control may account for the frequent observation of

aneuploidy in cancer cells.

A variety of chemotherapeutic drugs, including vinblastine and colchicine, target

microtubules (81, 181). These drugs usually cause microtubule depolymerization. In

contrast, paclitaxel, a natural product drug purified from the bark and needles of the Pacific
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yew tree, stabilizes microtubules in vitro. Paclitaxel binds to tubulin tightly with a

stoichiometry of one (37). Currently in use to treat a variety of malignancies (25, 76, 100,

123, 176,200), the interaction of paclitaxel and microtubules has provoked considerable

interest. In the presence of paclitaxel, abnormal microtubule dynamics affect mitosis and

cytokinesis (82,83). This leads to cells arrested in metaphase, inviable multi-nucleated

cells, or apoptosis (114, 166).

Many clinical protocols use combination therapy to increase tumor response rates.

The general principle of combination therapy is either to target different populations with

several agents ot to sensitize the tumor population to another agent without affecting normal

tissues. One theoretical basis of using drugs as radiation sensitizers for oxic cells is the

radiation age response. If the percentage of cells in a radiosensitive phase of the cell cycle

(i.e. mitosis) can be increased, then cell killing should be greater following irradiation

(187). It is unclear what the effect of simultaneously causing radiation and

paclitaxel-induced cell cycle perturbations are in tumor cells. Cell cycle effects of paclitaxel

and how they may influence cell survival are descibed in Chapter 4.
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Chopter 2 Cytogenetic Domdge ond the Rodiotion
Induced G1 Phose Checkpoint

SUMMARY

It is proposed that genomic integrity is preserved after DNA damage in a variety of

ways. X-irradiation induces a p53-dependent G1 cell cycle checkpoint which putatively

allows time for repair of DNA damage. p53 is also involved in the initiation of apoptosis

following radiation-induced DNA damage, presumably leading to the elimination of lethally

damaged cells from the irradiated population. To test the hypothesis that the G1 checkpoint

allows additional time for repair, we investigated whether the presence of a G1 arrest

modified the frequency and type of chromosomal rearrangements at the first mitosis after

irradiation. Isogenic cell lines derived from the same human glioma cell line, but differing

in p53 status, were used. Purified G1 cells, isolated by centrifugal elutriation and

X-irradiated, were studied. The wild-type p53 cell line demonstrated a dose-dependent

arrest during G1, as determined by flow cytometry. These cells remained in G1 as long as

48 hours after irradiation. Cells expressing a dominant-negative p53 mutation accumulated

to a much lesser extent in G1 after irradiation. Cells lacking the G1 checkpoint showed

increased survival at all radiation doses. There were no significant differences in the type

or frequency of total chromosomal aberrations in mitotic cells from either cell line after 1,

2, 4 or 6 Gy X-rays, as measured by conventional cytogenetic analysis. There was an

increase, however, in the number of reciprocal translocations in mitotic cells with mutant

p53 (lacking a G1 checkpoint), as measured by fluorescence in situ hybridization with a

chromosome 4-specific DNA library, but only after 6 Gy. The results suggest that the

presence of a well-defined p53-dependent G1 arrest does not markedly reduce



chromosomal aberrations caused by low doses of ionizing radiation, but may modulate the

overall degree of survival by inducing cells to undergo a prolonged G1 arrest.

INTRODUCTION

Although a G1 arrest following X-irradiation was first described in 1968 (109), its

molecular basis remained obscure until evidence presented by Kastan and co-workers in

1991 revealed that p53 played an important role in the cell cycle (87). Kastan et al.

observed accumulation of p53 protein following Y-irradiation as measured by flow

cytometry and immunoprecipitation. In a subsequent report these investigators measured

cell cycle perturbations by flow cytometric analyses of asynchronously growing cells,

which differed in their p53 status, at a specific time point after irradiation (88). They

recognized that the G1 arrest represented activation of a cell cycle checkpoint and was

dependent upon the presence of functional wt p53 protein. It should be noted that the p53

gene product, a transcription factor, also appears to have other cellular functions. In

hematopoetic cells, wt p53 is required for radiation-induced apoptosis (27, 115, 220).

The detection of a selectable marker amplified only in cell lines mutant for p53 suggested

that wt p53 also prevents genomic instability (112, 225). Not surprisingly, the p53 tumor

suppressor gene is frequently lost or mutated in many human tumors (103, 144, 196).

There is considerable speculation as to the function of the G1 checkpoint. One

hypothesis follows the attractive teleological argument that activation of the G1 checkpoint

allows for additional time to repair DNA damage before cells enter S phase (87, 88,95).

Experimental evidence from yeast supports the concept that a delay in cell cycle progression

before the start of a critical process, such as DNA replication or mitosis, allows a period of

time during which damage can be repaired (216-218). Without sufficient time for repair,
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DNA replication could result in chromosome breakage and/or rearrangements that might

ultimately lead to gene amplification, delayed mutation, genomic instability and even cell

death. Additional support for this hypothesis comes from descriptions of the G2 arrest in

mammalian cells. Based on experiments with synchronized cells, a relationship was

described between the dose of radiation and the duration of the G2 arrest (99, 175, 193,

198, 210). For increasing doses of radiation, the time that cells remained in G2 also

increased. This implied that cells continued into mitosis once a certain period of time, a

"delay," had elapsed. If this premise applies to the G1 checkpoint in mammalian cells, two

predictions can be made. First, the checkpoint must be temporary, so that it is truly a

"delay" to progression, allowing cells to continue cycling after a period of time. Second,

cells possessing a G1 checkpoint should have more time to repair DNA damage and,

therefore, show increased survival. It should be noted that there is no experimental proof,

as yet, that the G1 checkpoint in mammalian cells allows time for repair of DNA damage

after ionizing radiation (134, 135). Indeed, evidence supporting a contrary viewpoint

comes from a number of publications in the past few years that have shown, for the most

part, that the presence of wt p53 leads to either no change or increased cell killing after

irradiation (4, 14, 15, 98, 182, 192, 193). This, of course, is opposite to the result one

would expect if the G1 checkpoint served a protective function. The activation of the G1

checkpoint in normal human fibroblasts (wt p53) was shown in a recent paper to lead to a

prolonged, and presumably permanent, G1 arrest resembling senescence (36). This

suggests, that in certain situations, the activation of a cell cycle checkpoint is not always to

allow repair prior to reinitiation of the cell cycle. It should be noted that the G2 arrest and

radiosensitivity were genetically separated in fission yeast, thus providing a precedent for

such a finding for the G1 checkpoint in mammalian cells (9).

A strong correlation exists between the dose of ionizing radiation delivered, the

formation of chromosomal aberrations, and cell survival (30, 34, 60, 80). In this study we



examined if this relationship was maintained in the presence, or absence, of a

radiation-induced G1 checkpoint. In particular, in cells with a G1 arrest, if there is

increased time for DNA repair, we would expect fewer chromosomal aberrations after

irradiation. Our experimental approach was to measure cell cycle changes, cell survival

and, in detail, the type and frequency of chromosomal aberrations found at the first mitosis

following X-irradiation in cells that differed in their ability to arrest during G1.

MATERIALS AND METHODS

Cell Lines

A human glioma cell line, U-87 MG, wt for p53 gene function, was used as the

parental cell line to construct isogenic cell lines differing in p53 status. The presence of

functional p53 protein in this cell line was assessed by a) confirming the activation of the

G1 checkpoint after irradiation, b) demonstrating wt p53 protein by immunoblotting with

wt-specific antibodies, and c) single strand conformation polymorphism analysis of exons

5-9 (data not shown). As described in detail elsewhere (23), recombinant retroviral

constructs, encoding either the firefly luciferase (lux) gene as a control or a human p53

cDNA carrying a dominant-negative mutation (codon 175argº his) under the control of the

Moloney Mulv long terminal repeat, were used to infect the parent cell line. Both

constructs contained the neomycin-resistance gene with selection occurring in medium

containing G418 (400 pg/ml). Colonies were expanded into cell lines and analyzed for the

presence or absence of an X-ray-induced G1 cell cycle arrest (227). Two cell lines were

selected for further experiments. U87-1754 carried a dominant-negative p53 construct and

lacked an X-ray-induced G1 cell cycle arrest; U87-lux.8 carried only wt p53 and

demonstrated an X-ray-induced G1 arrest. Both cell lines were cultured as monolayers in



CMEM, which consists of Eagle's MEM supplemented with nonessential amino acids,

glutamine and 10% fetal calf serum, at 37°C in a humidified atmosphere of 5% CO2 in air.

Cells from both lines were continuously maintained in medium containing G418

(400 pig■ ml).

Cytokinetic Analysis

Two methods were used to analyze G1 progression following X-irradiation. For

purposes of simplicity, our initial experiments used log-phase cells. Cells were seeded into

T-75 flasks 48 h before X-irradiation (doses ranging from 0 to 6 Gy). Colcemid was

added at a final concentration of 0.2 plM to arrest cells in mitosis and to prevent entry into

the next division cycle. Cell samples were collected at 3, 6, 9, 12, and 24 h, washed with

phosphate-buffered saline, and then fixed in 70% ethanol. The percentage of cells in G1

for each dose point was determined by measuring PI fluorescence on a Becton Dickinson

FACScan (see below). The second method provided more detailed cell cycle phase

information. Cells from the purified pool of G1 cells were pulse-labeled for one hour with

10 puM Brdu 48 h after irradiation and then analyzed by flow cytometry (see below).

These cells were also grown in the presence of Colcemid (0.2 puM). The number of time

points was limited because of the small number of purified G1 cells obtained from

elutriation. As well, because our methods were tailored to assess G1 progression, it was

not possible to analyze perturbations in later cell cycle phases.

Centrifugal Elutriation

We selected centrifugal elutriation as the optimal method for isolation of G1 cells,

because all cells are in log-phase growth during harvest. The usual techniques for

synchronizing cells in G1 (or more accurately Go), using drugs such as mimosine, or

serum starvation, introduce complications when the goal is to obtain accurate cytokinetic or
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survival information. Cells were separated by using a modified Beckman J2-21 centrifuge

and a JE-6 elutriator rotor (57, 108). To obtain adequate numbers of exponentially

growing cells, we seeded cells at low density into roller bottles containing 250 ml of MEM

supplemented with 10% fetal calf serum and 400 pg/ml of G418. The roller bottles were

sealed after being gassed with air containing 5% CO2 and incubated at 37°C for 3 days.

Cells were trypsinized, disaggregated, filtered through a 70-plm filter to eliminate clumps,

and counted. Approximately 5 x 107 cells were obtained for each experiment. Cells were

centrifuged and resuspended into 10 ml of 0.05% trypsin to prevent aggregation. Before

each run, the elutriator was sterilized with 400 ml of 70% ethanol and then rinsed with an

equal amount of Eagle's MEM. Cells were injected into the elutriator while a constant flow

rate of 30 ml/min of MEM was maintained through the chamber. Cell fractions were

obtained by reducing the rotor speed by 100 rpm decrements and collecting 200 ml of

medium at each speed setting. Fractions were centrifuged for 5-7 min at 1000 rpm, after

which cells were resuspended in 10 ml CMEM and then counted. The three earliest

fractions containing the purest content (~90%) of G1 cells were used. The purity of the

pooled fractions was confirmed by flow cytometric analysis. These fractions contained

approximately 5 x 10° cells, -10% of the original cell number. Cells from each run were

divided so that all three assays (CFE, cytogenetic analysis, and flow cytometry) were

performed on cells derived from a common pool (Figure 2.1).

X-irradiation and CFE Assay

Cells were irradiated on ice with a 150 kVp X-ray machine (Philips, Hamburg,

Germany) at a dose rate of 1.2 Gy/min. The CFE assay has been optimized with respect

to incubation time, feeder number, and number of cells seeded per plate. For all

experiments, 6-well plates (35 mm) were prepared 24 h in advance by seeding an

optimum number (5 x 10°) of heavily irradiated (40 Gy) feeder cells into 4 ml of



CMEM. After cells were plated, the dishes were incubated for 2 weeks at 37°C. Colonies

were then stained with methylene blue (0.66% solution in 95% ethanol) and counted.

Plating efficiency was calculated as the ratio of the number of colonies formed to cells

seeded. Surviving fraction was calculated as the plating efficiency of the irradiated cells

divided by the plating efficiency of unirradiated cells. Data for each data point within each

experiment were obtained by counting colonies from at least two separate 6-well plates.

Each survival curve was performed at least twice.

Flow Cytometry

Determination of cell cycle phase fractions of samples obtained from elutriation

experiments was by simultaneous measurement of PI fluorescence and fluorescence of a

FITC-conjugated secondary antibody used to label a primary antibody specific for DNA.

Cells were pulse labeled with 10 p.M. Brd'Urd for one hour immediately before collection.

Cells were washed twice with cold phosphate-buffered saline, fixed in cold 70% ethanol,

and then stored overnight at 4°C. Approximately 1 x 10° cells were required for each

sample. Cells were centrifuged and then resuspended in 3 ml of 2.5 M HCl for 30 min,

washed with 0.5% Tween 20 in phosphate-buffered saline, and then incubated for 1 h

with a 1:100 dilution of mouse monoclonal anti-BrdUrd antibody (Caltag, South San

Francisco, CA). After another two washes the cells were incubated for 30 min with a

1:500 dilution of goat FITC-conjugated anti-mouse antibody (Sigma Chemical Co., St.

Louis, MO). This was followed by incubation with 0.5 ml of PI (10 mg/ml) for 30 min.

Cells were filtered through a 37 pum mesh and then analyzed under dual parameter (FITC

versus PI) conditions with a Becton Dickinson FACScan (Becton Dickinson, San Jose,

CA). Raw data were refined by plotting the area of the PI fluorescence signal versus its

width and then selecting only the single cell population for further analysis. Phase

fractions were determined by identifying and counting cell populations on a plot of FITC



fluorescence versus PI fluorescence using the CellCuest software package (Becton

Dickinson). For the initial cytokinetic studies, cell cycle phase fractions were determined

by measuring only PI fluorescence. For these analyses the incubation steps with

anti-BrdUrd and FITC-conjugated anti-mouse antibodies were not performed. In the case

of PI histogram analysis (for initial cytokinetic studies), cells within defined upper and

lower limits for the G1 population were counted.

Cytogenetic Analysis

One hour after X-irradiation, Colcemid was added at a final concentration of

0.2 puM. Progression through the cell cycle was monitored microscopically. As soon as

mitotic cells were observed, they were collected after gently shaking the flask.

Chromosome preparations were made by treating cells for 20 min with hypotonic citrate

(0.2% KCl, 0.2% Na citrate, 10% fetal bovine serum), fixing with 100% methanol for

10 min, washing with methanol:acetic acid (3:1), and dropping onto clean glass

microscope slides. Because of potential radiation-induced cell cycle delays, multiple

harvest times were used. Metaphase chromosomes were stained with 4% Giemsa for

7 min, and the frequency and type of chromosome aberrations were analyzed by

examining 50 metaphase cells for each radiation dose, harvest time, and cell line.

Fluorescence In Situ Hybridization

A plasmid vector containing human chromosome 4-specific DNA sequences

(pBS4) was kindly provided by J. Gray and D. Pinkel (University of California, San

Francisco). The plasmid was amplified in Escherichia coli and purified with the Qiagen

plasmid kit (Chatsworth, CA). Purified plasmid was labeled (1 pg/reaction) with biotin by

using the BioNick Labeling System (Gibco BRL, Gaithersburg, MD). Labeled DNA was

separated from unincorporated nucleotides by using NucTrap Push Columns (Stratagene,
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La Jolla, CA) and resuspended in 120 pil of Nick Translation/Push Column buffer

(Stratagene). The pHS4 probe was denatured with human Cot1 DNA

(probe:Cot1 DNA::1:30) at 80°C for 5 min. The hybridization protocol and reagents were

modified from a protocol obtained from a chromosome in situ kit (Oncor, Gaithersburg,

MD). Briefly, slides were washed with 2X SSC (1X SSC = 0.15 M sodium chloride,

0.015 M sodium citrate) for 30 min at ambient temperature and dehydrated in an iced

ethanol series (70%, 90%, 100% ethanol, 2 min/concentration). After drying,

chromosomes were denatured in 70% formamide/2X SSC at 80°C for 30 s and dehydrated

in an iced ethanol series (70%, 90%, 100% ethanol, 2 min/concentration). Thirty-five

microliters of hybridization mix (50% formamide, 2X SSC, 10% dextran sulfate, HuCot1

DNA, and 35 ng labeled pHS4) were applied to slides under a 24 x 50-mm glass

coverslip and sealed with rubber cement. After overnight hybridization at 50°C in a

humidified chamber, slides were rinsed and then washed in two changes of

phosphate-buffered detergent for 10 min at ambient temperature. Slides were then

incubated with FITC-conjugated avidin for 20 min, also at ambient temperature. Slides

were washed in three changes of phosphate-buffered detergent, and, if necessary, the

fluorescent signal was amplified by subsequent incubation with anti-avidin and

FITC-conjugated avidin (Oncor). In general, one round of amplification was sufficient.

After FITC treatment, Antifade (Sigma) and PI were applied to slides under a glass

coverslip. Metaphase chromosomes were analyzed on a Zeiss Axiomat 50 equipped with

the Epi-fluorescence condenser IIIRS and a standard FITC filter set. One hundred

independent metaphase cells for each radiation dose, harvest time, and cell line were

analyzed for chromosomal rearrangements involving chromosome 4.



RESULTS

G1 Growth Arrest

A time and radiation dose analysis of the percentage of cells remaining in G1 was

used to determine the rate of progression from G1 to S phase. Flow cytometry profiles of

asynchronous cells irradiated with various doses revealed that the percentage of U87-lux.8

cells (wt p53) remaining in G1 at 24 h increased as a function of radiation dose up to

4 Gy (Figure 2.3). For these cells the rate of exit from G1 was initially fast, followed by

a slower component. Primarily, it was this later movement of cells into S phase that was

inhibited after irradiation. Sixty percent of U87-lux.8 cells (normalized to the 0 h G1

percentage) remained in G 24 h after irradiation with 4 or 6 Gy. U87-175.4 cells (with a

dominant-negative p53 mutation) had a narrower range of cells remaining in G1 after

irradiation (Figure 2.3): Most U87-175.4 cells remained in G1 for 3 h and then rapidly

entered S phase over the next 6 h with similar kinetics regardless of whether or not they

were irradiated. Of note, approximately 25% of the unirradiated population from both cell

lines remained in G1 24 h after irradiation.

Because these cytokinetic experiments utilized cells that were asynchronous with

respect to cell cycle position, we confirmed our results by using G1 cells purified by

elutriation. After the last harvest time for mitotic cells (approximately 48 h), cells were

pulse-labeled with 10 puM Brdu, collected, and analyzed by flow cytometry.

Dual-parameter plots (PI and Brdu) confirmed the conclusions of the asynchronous

cytokinetic experiments (Figure 2.4A). Most U87-lux.8 cells (74%) remained in G148 h

after irradiation with 6 Gy (Figure 2.4B), whereas only 9% of unirradiated cells remained

in G1. Doses < 6 Gy resulted in a progressively smaller percentage of cells remaining in

G1 after plating. This large difference between irradiated and unirradiated cells was not

observed in U87-175.4 cells, for which the final percentage of cells in G1 was 8% in the



unirradiated sample and 19% after 6 Gy. It should be noted that Colcemid (0.2 plM)

arrested virtually all cells at metaphase. Cells were prevented from entering the subsequent

division cycle which would have greatly complicated the interpretation of results.

Cell Survival After Irradiation

Clonogenic assays were performed to obtain a quantitative assessment of the ability

of irradiated cells to survive (Figure 2.5). The survival curves for these two cell lines

clearly revealed that the presence of a functional G1 checkpoint resulted in reduced

clonogenicity after irradiation. The DA's for U87-lux,8 and U87-1754, the dose at which

back-extrapolation of the straight portion of the curve intersects the ordinate at the 100%

survival line, were 0.16 and 1.35 Gy, respectively. The Do's for U87-lux.8 and

U87-175.4, the dose required to achieve 63% cell killing at any point along the straight

portion of the curve, were 0.90 and 0.94 Gy, respectively. The Da and Do values reflect

the qualitative impression that the cell line U87-175.4 possesses a shoulder in comparison

to U87-lux.8, whereas the final slopes are much closer in magnitude.

Chromosomal Aberrations Induced After Irradiation

The frequency of aberrant metaphase cells and the types of chromosomal

aberrations observed in metaphase chromosomes, as measured by Giemsa staining, are

given in Table 2.1. Aberration frequency increased in a dose-dependent manner, but there

were no qualitative or quantitative differences in aberration yield between the two cell lines.

The total chromosome number was similar for each cell line with a range of 69-83

chromosomes per metaphase. Exchange-type aberrations (rings and dicentric

chromosomes) are thought to represent misrejoining events between broken chromosomes,

and interstitial deletions are misrejoining events between acentric breaks on the same

chromosome. Both these types of aberrations involve rejoining (repair) of DNA breaks,



albeit incorrect repair. Terminal deletions, on the other hand, are thought to represent

unrepaired chromosomal breaks. There was no difference in the yield of these types of

aberrations between the two cell lines. Cells with these types of aberrations generally die

because of abnormal segregation of chromosome material at mitosis.

Because many chromosomal rearrangements that are not necessarily lethal cannot be

analyzed by conventional assays, e.g., reciprocal translocations, insertions, and

inversions, chromosomal rearrangements in chromosome 4 were investigated by means of

fluorescence in situ hybridization. Generally, there were three copies of chromosome 4

per metaphase in unirradiated cells (Figure 2.6). Insertions and reciprocal translocations,

as well as dicentrics and deletions, involving chromosome 4 were observed after

irradiation (Figure 2.7). There was a dose-dependent increase in chromosomal

rearrangements at doses up to and including 4 Gy (Table 2.2). The yield of

rearrangements was similar in both cell lines. As expected, equal numbers of

translocations and dicentrics were formed. At 6 Gy, however, more rearrangements were

observed in the U87-175.4 cells, and most of those were reciprocal translocations. It

should be stressed that all cytogenetic data are from cells that reached mitosis of the first

division cycle after irradiation. Colcemid prevented cells from entering the second division

cycle.

DISCUSSION

In this study, we examined whether activation of a specific cell cycle checkpoint

(manifested as a G1 arrest) modulated cell survival by affecting the degree of DNA damage,

as measured by chromosomal aberrations. The presence of wt p53 function (U87-lux,8)

resulted in a well-defined G1 arrest that was commensurate with the radiation dose
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delivered to a population of G1 cells. In addition, the total number of chromosomal

aberrations (Table 2.1), was the same in cells that possessed the G1 checkpoint compared

to those that did not. Yet the presence of the G1 checkpoint did not serve a protective

function, because U87-lux.8 cells demonstrated a greater degree of cell killing at all

radiation doses (Figure 2.5). Our conclusion is that the presence of a G1 checkpoint, in

the cells studied, did not affect radiation survival by a mechanism that reduces the amount

of DNA damage. Indeed, reciprocal translocations in U87-175.4 cells, as measured by

chromosome 4 fluorescence in situ hybridization, were increased after 6 Gy.

If the presence of a G1 checkpoint reduces cell survival without a corresponding

increase in chromosomal aberrations, then are there other possibilities to account for these

results? The response of G1 cells to irradiation is demonstrated by flow cytometry profiles

of purified G1 U87-lux.8 cells 48 h after irradiation (Figure 2.4): Increasing doses of

radiation resulted in larger percentages of cells remaining in the G1 phase of the cell cycle.

These data are consistent with the findings of Di Leonardo et al, that a p53-dependent

terminal G1 arrest is responsible for increased cell killing after X-irradiation and may

represent the final stage of a pathway that eliminates damaged cells from the dividing

population (36). This may be analogous to the p53-dependent apoptotic response observed

in thymocytes after irradiation (27, 115). It should be noted that because the parent cells

used for transfection were derived from human glioma cells, apoptotic pathways may be

deficient in these cells. It is clear that this model is restricted by our experimental technique

to those cells in G1. How cells in other phases of the cell cycle respond to irradiation is

unknown, but if differences can be established, then a role for p53 may be proposed at

other locations in the cell cycle.

The radiation survival curves were fit by means of the multitarget single-hit theory

for radiation damage (3). The survival curve for U87-lux.8 demonstrated increased cell

killing (i.e., reduced clonogenic survival) for a given dose of radiation. This is the



opposite of what one would expect if activation of the G1 checkpoint allowed time for

repair. The reduced cell survival for cells with a G1 checkpoint (wt p53) suggests that a

given amount of DNA damage is translated to a higher degree of cell killing compared to

the dominant-negative clone. There are two possible explanations for this. Either cellular

repair is being hindered, or another pathway, such as apoptosis or senescence, is

responsible for removing damaged cells from the cycling pool. Because overall clonogenic

survival is reduced, it would seem that this alternative pathway removes a greater

percentage of cells than when the G1 checkpoint is absent. The absolute sensitivity of cells

to DNA damage sustained is reflected in the higher cell survival of U87-175.4 cells, which

do not demonstrate a large G1 arrest. In these two cell lines only a small minority of cells

undergo apoptosis after radiation treatment (227), so it is plausible that the G1 arrest

observed at the first division cycle in U87-lux.8 cells may account, in part, for the reduced

clonogenicity after irradiation. The effect of an intact G1 checkpoint may also affect

susequent cell cycles although this was not tested by our methodology.

The relationship between cell killing and the formation of chromosomal aberrations

is well established (10, 19, 20, 110, 163). It is believed that ionizing radiation causes

DNA double-strand breaks, whose misrepair leads to chromosomal aberrations such as

translocations and dicentrics. Measurement of chromosomal aberrations provides a direct

assessment of the degree of DNA damage and the extent of repair that has occurred. In our

cell lines the frequency and type of total chromosomal aberrations (measured by analyzing

Giemsa stained chromosomes) were similar for all doses of radiation used (Table 2.1).

Based on the times of collection, the maximal number of mitotic cells was collected at times

slightly later than those of unirradiated control cells. This may represent a true G1 delay or

delay through S phase. Distinguishing these two options was beyond the scope of this

study. However, there were no differences in chromosomal aberrations in mitotic cells

collected from sequential time points, as determined by conventional cytogenetic analysis.



Of interest, however, were the results obtained by fluorescence in situ

hybridization. At the highest dose of radiation used, 6 Gy, there was a large increase in

reciprocal translocations over dicentric chromosomes and their associated fragments in

those cells lacking functional p53 protein (U87-175.4). Genomic instability is associated

with cells that lack p53, and the G1 checkpoint (112). Because translocations are generally

considered compatible with cell survival, and dicentrics are not, this raises the interesting

possibility that increased reciprocal translocations may contribute to ongoing genomic

instability in following generations. It also suggests that the p53-dependent pathway

activated after X-irradiation may have greater sensitivity for certain types of chromosomal

aberrations. There is also the possibility that rearrangements observed after 6 Gy may

have conferred a survival advantage for U87-175.4 cells. This does not explain, however,

why these cells showed increased cell survival at the lower doses where chromosomal

aberrations were similar in type. It can be speculated that cells that sustain DNA damage,

yet still remain viable, are susceptible to genomic instability and possibly, tumor initiation

or progression.

In summary, by using glioma cell lines that differed in functional p53 status, we

demonstrated that X-irradiation causes a prolonged G1 arrest in cells with wt p53. As

well, cells that possess a G1 checkpoint show increased cell killing by the clonogenic

assay. These results do not support the model that the function of the G1 checkpoint is to

allow increased time for repair of radiation-induced DNA damage. Those cells that are able

to reach the first mitosis after irradiation do not have increased frequency of chromosomal

aberrations after 1, 2 or 4 Gy irradiation. In fact, there is an increase in reciprocal

translocations in cells that lack a G1 checkpoint, but only after 6 Gy.



Table 2.1. Chromosomal aberration yields in U87-lux.8 and U87-175.4
cells after exposure to ionizing radiation in G1

Cell line & Treatment Timea 9% Aberrant Exchanges Acentric rings; Terminalse
(h) IDsb

U87-lux.8 0 Gy 18 4 2 0 O
18 2 O O 1

27 2 O O 1
27 O O O O

40 O 0 O 0
40 2 0 0 1

Mean 1.7 0.3 0 0.5

U87-175.4 O Gy 16.5 2 2 O 1
18 O O O 1

27 6 3 O O
28 4 1 O 1

40.5 O O O O
41.5 2 0 O 1

Mean 2.3 1 0 0.7

U87-lux.8 1 Gy 18 36 12 2 6
18 24 8 O 5

27 26 9 2 9
27 38 10 3 11

40 42 15 3 8
40 32 10 3 8

Mean 33 9 2.2 7.8

U87-175.4 1 Gy 16.5 28 9 2 7
18 30 9 3 6

27 38 11 1 7
28 38 9 1 11

40.5 32 9 1 6
41.5 40 11 7 9

Mean 34.3 9.7 2.5 7.7



Cell line & Treatment Time 9% Aberrant Exchanges Acentric rings; Terminals
(h) IDS

U87-lux.8 2 Gy 18 56 28 11 21
18 68 28 8 17

27 54 22 7 16
27 60 27 7 23

40 70 29 20 29
40 56 23 14 18

Mean 52.3 26.2 11.2 20.7

U87-175.4 2 Gy 16.5 52 20 10 16
18 48 21 7 16

27 64 24 13 20
28 56 23 9 22

40.5 54 27 4 9
41.5 64 26 11 19

Mean 56.3 23.5 9 17

U87-lux.8 4 Gy 18 94 72 24 34
18 84 53 39 38

27 84 55 35 33
27 86 58 39 44

40 96 71 45 51
40 94 75 38 42

Mean 89.7 6 4.0 36.7 40.3

U87-175.4 4 Gy 16.5 90 63 30 36
18 90 55 38 39

27 92 70 26 45
28 80 60 28 43

40.5 96 80 41 43
41.5 94 75 44 41

Mean 90.3 67.2 34.5 42.8

cont'd



Cell line & Treatment Time 9% Aberrant Exchanges Acentric rings Terminals
(h) IDS

U87-lux.8 6 Gy 184
184

27 98 78 46 51
27 96 78 45 43

40 100 119 90 72
40 100 108 78 61

Mean 98.5 95.8 64.8 56.8

U87-175.4 6 Gy 16.5 100 115 40 55
18 100 85 45 57

27 100 93 57 48
28 100 104 57 64

40.5 96 97 49 43
41.5 98 129 83 64

Mean 99 103.8 55.2 55.2

a Time after X-irradiation that mitotic cells were collected. The pairs of time points for each

cell line at each dose point are the collection times from separate duplicate experiments.

(For example, mitotic U87-175.4 cells, after 6 Gy, were collected at 16.5, 27 and

40.5 h after irradiation for the first experiment and at 18, 28 and 41.5 h for the repeat

experiment.)

* Interstitial deletions.

c Terminal deletions were defined as acentric fragments greater in size than the width of a

chromatid arm. Each asymmetric exchange was arbitrarily assigned one terminal

deletion which was subtracted from the total number of acentric fragments counted.

Those acentric fragements remaining were grouped as terminal deletions.

4 Insufficient metaphase cells obtained for cytogenetic analysis.
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Table 2.2. Chromosomal rearrangements determined by fluorescence in
situ hybridization of a biotinylated chromosome 4-specific DNA library a

Cell Line & Time % Normal Translocation Dicentrics Fragment Complex
Treatmenth (h) Aberrant B Ba Ab AB ab b aBa,

AAb
aBA

U87–lux.8 40 O 377 O O O O 0 O
0 Gy 40 1.1 369 2 2 0 0 0 0

U87–175.4 40 O 355 0 O 0 O 0 O
0 Gy 40.5 0.3 397 1 0 O O O O

U87–lux.8 40 1.9 259 2 O 2 1 O 0
1 Gy 40 2.8 288 1 1 2 O 4 0

U87-175.4 40 2.0 346 2 3 1 1 O O
1 Gy 40.5 1.5 339 2 O O O 3 O

U87–lux.8 40 2.4 294 2 2 2 1 O 0
2 Gy 40 3.2 283 3 3 1 1 1 O

U87-175.4 40 5.9 324 6 4 5 3 1 O
2 Gy 40.5 4.8 399 4 8 3 2 2 O

U87–lux.8 40 7.6 301 8 5 4 3 3 O
4 Gy 40 8.8 182 6 4 3 2 1 O

U87-175.4 40 8.2 331 6 6 9 6 O O
4 Gy 40.5 16.2 308 14 12 12 8 1 3

U87–lux.8 40 9.3 258 5 4 6 5 4 O
6 Gy 40 10.5 133 5 4 3 O 1 1

U87–175.4 40 20.7 294 21 21 9 3 4 3
6 Gy 40.5 24.8 322 31 33 8 8 O O

* Chromosome rearrangements observed after fluorescence in situ hybrization were

classified according to the PAINT terminology (205).

* Data are presented for replicate experiments done on different days.
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Figure 2.1. Flow chart describing the analysis of purified G1 cells obtained by
elutriation. The purity ranged from 85% to 95% G1 cells.
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Figure 2.2. Cytokinetic results for asynchronous U87-lux.8 cells after irradiation.
(A) For purposes of clarity, Pl fluorescence histograms for only the control and
6 Gy samples are shown. Colcemid was added to cells at 0 h to prevent
mitotic cells from dividing. (B) The percentage of cells in G1 was measured and
normalized to 0 hr and 0 Gy control samples for radiation doses of 0, 1, 2, 4,
and 6 Gy and at times 3, 6, 9, 12, and 24 h after irradiation. The depletion of
G1 cells is shown as a function of time.
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Figure 2.3. Cytokinetic results for asynchronous U87-175.4 cells after
irradiation. (A) For purposes of clarity, Pl fluorescence histograms for only the
control and 6 Gy samples are shown. Colcemid was added to cells at 0 h to
prevent mitotic cells from dividing. (B) The percentage of cells in G1 was
measured and normalized to 0 hr and 0 Gy control samples for radiation doses
of 0, 1, 2, 4, and 6 Gy and at times 3, 6, 9, 12, and 24 h after irradiation. The
depletion of G1 cells is shown as a function of time.
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Figure 2.4. Percentage of
purified G1 cells remaining in
G1 48 h after irradiation.
(A) Dual-parameter flow
cytometry plots are provided
for 0, 1, 2, 4, and 6 Gy
samples (1 h Brdu labeling).
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cells at the time of irradiation
was approximately 90%.
Profiles shown are from one
experiment.
(B) The percentages of G1
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presented as a function of
dose for both cell lines. Error
bars represent the standard
error of the mean of data
obtained from two separate
experiments.
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Figure 2.5. Survival curves for U87-lux.8 and U87-175.4 cells. Data are from
irradiation of G1 cells obtained by elutriation and are representative of at least
two separate experiments. Curves were fit according to the multitarget single
hit formulation: SF = 1 - (1 - e-q9)n ; where SF is the surviving fraction, q is
the inactivation coefficient, D is the dose of radiation, and n is the target
multiplicity (3). The quasi-threshold dose (DG) is given by the formula:
Da = Do In n. Error bars represent the upper and lower bounds of a 95%
confidence interval for normalized data, as calculated by Fieller's Theorem (48,
56).



Figure 2.6. Metaphase chromosomes from control U87-lux.8 cells.
Fluorescence in situ hybridization of a chromosome 4-specific DNA library
(yellow fluorescence) to metaphase chromosomes from an unirradiated cell.
Three copies of chromosome 4 are present. The other chromosomes are
counterstained with PI (orange fluorescence).



Figure 2.7. Metaphase chromosomes from irradiated U87-lux.8 cells.
Fluorescence in situ hybridization of a chromosome 4-specific DNA library to
metaphase chromosomes from a cell irradiated with 6 Gy. Two
rearrangements involving chromosome 4 and dicentrics involving other
chromosomes are obvious in this metaphase.



Chopter 3 The Rodiotion Age Response of Humon Gliomo
Cells Differing in p53 Function

SUMMARY

The clonogenic potential of an irradiated population of cells is affected by numerous

factors. Previous reports have demonstrated that cells with wild-type p53 have increased

radiation sensitivity compared to cells with mutant p53. Survival also varies in most

mammalian cells depending upon the position of cells in the cell cycle during irradiation, a

phenomenon known as the age response. To determine if p53 affects the radiation age

response we studied isogenic glioma cell lines which differ in p53 function. Measuring the

age response is important for understanding mechanisms underlying how cycling cells,

particularly those in human tumors, are effected by ionizing radiation. Using the standard

clonogenic assay to measure surviving fraction, centrifugal elutriation to isolate cell

populations with varying percentages of cell cycle phases, and flow cytometric analysis of

cell cycle phases, we determined the age response of three human glioma cell lines.

Although pure S phase populations were not obtained, fractions with the highest S phase

percentage had the highest surviving fraction. Our results suggest there is a general

increase in radiation sensitivity of wild-type p53 cells across all cell cycle phases. Other

reasons contributing to the increased sensitivity of wild-type p53 cells include, i) a large

fraction of cells in G1, a radiosensitive phase of the cell cycle, ii) a reduced fraction of cells

in S phase, a radioresistant phase, and iii) a narrower range of clonogenic survival from the

most sensitive to most resistant cells as compared to mutant p53 cells.



INTRODUCTION

Cell survival after ionizing radiation is modified not only by environmental factors

but also by the genetic background of the irradiated cells. For example, cells with certain

mutations of the p53 tumor suppressor gene have decreased sensitivity to radiation

compared to cells expressing wt p53 (14, 15, 63,98, 182). It has been proposed that the

function of wt p53 is to prevent damaged cells (i.e. following X-irradiation, treatment with

chemotherapeutic agents, etc.) from continuing in the cell cycle thereby causing

reproductive death (72, 95). Conversely, mutations in genes such as ATM

(ataxia-telangiectasia mutated) and SCID (severe combined immunodeficiency) cause

increased sensitivity to ionizing radiation (12, 18, 29, 70, 90,97, 140, 171). All of these

genes express proteins which are believed to be components of signal transduction

pathways that are involved in the recognition and/or repair of cellular damage. We are

particularly interested in the relationship between p53 function and radiation because this

gene is, a) frequently mutated in human tumors and, b) is a member of a signal

transduction pathway that is well-understood.

There are probably several reasons why wt p53 cells are more resistant to

radiation. In some cases, irradiation triggers p53-dependent apoptosis which decreases

overall survival (27, 115, 226). In addition, it was recently shown that DNA DSBs

directly increase p53 protein levels eventually leading to a cell cycle arrest in late G1 (88,

93, 143). The actual cell cycle arrest is mediated through transcriptional activation of p21,

a cyclin-dependent kinase inhibitor (CKI) (64, 222, 229). In certain cell types irradiated

cells do not re-enter the cell cycle but remain in G1 in a senescence-like state (36,227).

It is well known that cells in different phases of the cell cycle have varying

sensitivities to ionizing radiation. Typically, mitotic and G2 phase cells are the most

sensitive to ionizing radiation, S phase cells are the most resistant, and G1 phase cells have



varying sensitivities depending upon the length of G1. This phenomenon, the radiation age

response (66), was originally described by investigators using rodent cells (35, 146, 198),

and more recently in human cells (16, 160, 197, 219). While the exact biological basis of

the age response is not known, it is probably closely related to biochemical events during

the cell cycle. It was recently reported that components of transcription machinery

participate in nuleotide excision repair (28,47, 172). By analogy, it is possible that

proteins capable of repairing DNA strand breaks may be associated with DNA polymerase

and are more active during S phase. Conversely, the increased radiosensitivity of mitotic

cells may be explained by the absence of active DNA metabolism, i.e. replication,

transcription, and repair. Other factors, such as chromatin conformation, may also affect

cell survival (44).

The extent of the radiation age response plays an important role during clinical

radiotherapy when reassortment occurs (66). Irradiating asynchronously cycling cells

causes limited synchronization by killing a larger porportion of cells in sensitive phases of

the cell cycle, leaving a surviving population enriched with cells in resistant cell cycle

phases. By affecting the extent of reassortment, the age response may influence clinical

response to a timed dosage schedule, i.e. with fractionation.

The experiments described in this study extend work previously reported by our

group (63, 65,227) and address a specific question: Does p53 function affect the radiation

age response? By using centrifugal elutriation to fractionate asynchronous cell populations,

we determined the magnitude of the radiation age response in three human glioma cell lines.

In addition, by comparing the age response, clonogenic survival of cells in plateau and log

phase growth, and cell cycle distributions, we attempt to explain why irradiated wt p53

cells show increased clonogenic survival compared to mutant p53 cells.



MATERIALS AND METHODS

Cell Lines

The cell line U-87 MG was originally derived from a malignant human glioma.

U-87 MG cells express wt p53 protein and demonstrate a G1 arrest. As described

elsewhere, U-87 MG cells were used to develop isogenic cell lines differing in p53 status

(227). Briefly, recombinant retroviral constructs, encoding either the firefly luciferase

(lux) gene as a control or a human p53 cDNA carrying a dominant-negative mutation

(codon 175arg- his) under the control of the Moloney Mulv long terminal repeat (23), were

used to infect U-87 MG cells. Both constructs contain the neomycin-resistance gene with

selection occurring in medium containing the antibiotic G418 (400 pg/ml). Two clones,

U-87-lux.8 and U-87-175.4, were selected for further studies. U-87-lux.8 cells

(transfected with the vector and neo gene only) demonstrate a dose-dependent

X-ray-induced G1 arrest while U-87-175.4 cells (transfected with a dominant-negative p53

mutant) lack a G1 arrest (63,227). Stock cultures of U-87 MG cells were maintained as

exponentially-growing monolayer cells in CMEM consisting of Eagle's medium

supplemented with nonessential amino acids, glutamine, and 10% fetal calf serum.

Cultures were incubated at 37°C in an humidified atmosphere containing 5% CO2 and 95%

air. U-87-lux.8 and U-87-175.4 cells were grown under the same conditions except that

media contained G418.

Cell Survival

Survival curves for cells in log phase growth were generated by seeding

exponentially growing cells into T-75 tissue culture flasks (Becton Dickinson, Franklin

Lakes, NJ) two days before irradiation. Irradiation of cells in plateau phase growth was

done six days after seeding cells into tissue culture flasks when they had reached



confluency. Cells were irradiated on ice in tissue culture flasks, trypsinized, and counted

with a Coulter Counter (Hialeah, FL) prior to plating. Clonogenic survival was measured

by the CFE assay which was optimized with respect to incubation time, feeder number, and

number of cells seeded per plate. For all experiments, six-well plates (35 mm) were

prepared 24 h in advance by seeding an optimum number (5 x 10°) of heavily irradiated

(40 Gy) feeder cells into 4 ml of CMEM. After cells were plated, the dishes were

incubated at 37°C in an humidified atmosphere containing 5% CO2 and 95% air.

Incubation of the colonies continued for 2 to 3 weeks; the actual time required to form at

least 50-cell colonies depended on the cell line. The colonies were then stained with

methylene blue (0.66% solution in 95% ethanol) and counted.

The PE was calculated as the ratio of the number of colonies formed to cells seeded.

The SF was obtained by dividing the PE of the irradiated cells by the control PE (48,62).

For elutriated cells, control PEs from all fractions were averaged to obtain a single control

PE that was then used to calculate the SF for each fraction.

Centrifugal Elutriation

A Beckman (Palo Alto, CA) J2-21 centrifuge housing a JE-9 elutriation rotor was

used to elutriate cells. To obtain adequate numbers of exponentially growing cells, they

were seeded at low density into roller bottles containing 250 ml of CMEM. Roller bottles

were gassed with air containing 5% CO2, sealed, and kept at 37°C for three days. On the

day of the experiment, cells were labeled with 10 plM Brdu for 1 h, trypsinized,

disaggregated, and filtered through a 40 micron filter to eliminate clumps. For control

plating efficiencies (PEs), cells were immediately centrifuged, resuspended into 10 ml of

0.25% trypsin to prevent aggregation, and then elutriated. For irradiated PEs, cells were

irradiated prior to elutriation. Before each run the elutriator was sterilized with 400 ml of

70% ethanol and then rinsed with an equal amount of Eagle's MEM. Cells were injected

■ º



into the elutriator while a constant flow rate of 30 ml/min of media was maintained through

the rotor. The initial rotor speed was individualized for each cell line. Fractions of

enriched cells were obtained by reducing the rotor speed by 100 rpm decrements and

collecting approximately 200 ml of medium at each rpm setting. Cells were centrifuged for

5 min at 1000 rpm, resuspended in 10 ml CMEM, counted, and plated into six-well

plates as described above.

X-irradiation

For survival curve experiments (Figure 3.1), cells were irradiated on ice while still

in tissue culture flasks using a 150 kVp X-ray machine (Philips, Hamburg, Germany) at a

dose rate of 1.2 Gy/min. For elutriation experiments (Figure 3.2), cells incubated in

roller bottles were trypsinized, placed on ice in 50 ml tubes, and then irradiated; a single

radiation dose was chosen for each cell line that produced approximately the same degree of

cell survival. Cells not labeled with Brd'U had similar plating efficiencies as labeled cells.

Flow Cytometry

Determination of cell cycle phase fractions was by simultaneous measurement of PI

fluorescence and fluorescence of a FITC conjugated secondary antibody used to label a

primary antibody specific for Brd'U. After elutriation cells were collected, washed twice

with cold phosphate-buffered saline, resuspended in cold 70% ethanol, and then stored at

4°C. Approximately 1.5 x 106 cells were collected for each sample. Cells were

centrifuged and then resuspended in 3 ml of 2.5 M HCl for 30 min, washed with 0.5%

Tween 20 in phosphate-buffered saline, and then incubated for 1 h with a 1:100 dilution

of mouse monoclonal anti-BrdU antibody (Caltag, South San Francisco,CA). After

another two washes, the cells were incubated for 30 min with a 1:500 dilution of goat

FITC-conjugated anti-mouse antibody (Sigma, St. Louis, MO). This was followed by
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incubation with 0.5 ml of PI (10 mg/ml) for 30 min. Cells were filtered through a

37 pum mesh and then analyzed under dual parameter (FITC versus PI) conditions with a

Becton Dickinson FACScan (San Jose, CA). Raw data were refined by plotting the area of

the PI fluorescence signal versus its width and then selecting only the single cell population

for further analysis. Phase fractions were determined by identifying and counting cell

populations on a plot of FITC fluorescence versus PI fluorescence using the CellGuest

software package (Becton Dickinson).

RESULTS

The largest qualitative difference in clonogenic survival is between cells irradiated in

plateau phase growth compared to cells irradiated in log phase growth (Figure 3.1).

U-87-lux.8 cells in log phase are more radiation sensitive than the other two cell lines in log

phase, whose survival curves are very similar. This is reflected in the O. and 3 values

provided in Table 3.1. The survival curve parameters for U-87-lux.8 log and plateau

phase cells differ in both their O. and 3 components whereas the 3 component accounts for

most of the difference between U-87-175.4 log and plateau phase cells. Although both log

phase U-87 MG (the parental cell line) and log phase U-87-lux.8 cells express wt p53, the

transfected cells are more radiation sensitive. While there is no conclusive explanation why

U-87 MG cells are more radiation resistant than U-87-lux.8 cells (both wt p53), the

presence of the neo resistance gene and/or G418-containing medium may reduce the

radiation survival of transfected cells. (U-87 MG cells detach from the culture dish and die

in media containing 400 pg/ml of G418.) Similarly, the cell cycle distributions shown in

Table 3.2 also differ between U-87 MG and U-87-lux.8 cells. Comparing the two

isogenic cell lines, which are maintained under indentical conditions, reveals that



U-87-lux.8 cells (wt p53) are more sensitive than U-87-175.4 cells (dominant negative

p53 mutant) despite being in log or plateau phase growth.

When all three cell lines are compared during log phase growth (Table 3.2), there

are differences in the fractions of cells in G1, S and G2/M phases. U-87-lux.8 cells have

the largest percentage of cells in G1 (65.0%) while U-87-175.4 cells have the largest S

phase population (33.2%). All cell lines contain a population of cells whose DNA content

is greater than G2/M cells. These probably represent an aneuploid population. The

separation of cells by centrifugal elutriation, based upon differences in cell shape and

density, was consistent between experiments for each cell line. Because G1 cells are

generally the smallest and least dense (when compared to S and G2/M phase cells), early

elutriation fractions contain >90% G1 cells (Figure 3.2). Later fractions contain increasing

percentages of S and G2/M phase cells. For U-87-lux.8 cells, however, a substantial

percentage of G1 cells persist into later fractions. By examining the side scattering flow

cytometry profile of each fraction (data not shown), the size of U-87-lux.8 G1 cells range

from small to equal to G2/M cells. This presumably accounts for the presence of G1 cells

in later fractions (Figure 3.2). One consequence is that the fraction with the maximal S

phase population is 30% for U-87-lux.8 cells (fraction 5) compared to 52% for

U-87-175.4 cells (fraction 6).

In general, for all three cell lines, the fractions with the largest S phase percentage

have the highest SF. Comparing the SFs of individual elutriated fractions, however,

revealed qualitative differences between the cell lines. For U-87 MG cells, the ratio of the

maximum SF (3.4 x 10−3) to the minimum SF (7.6 x 10−4) is 4.3. For U-87-lux.8 cells

(wt p53) the ratio of maximum SF (4.4 x 10-3) to minimum SF (9.1 x 10-4) is 4.8. For

U-87-175.4 cells (mutant p53), this ratio is 12.7 (1.1 x 10-2 to 8.5 x 10-4).
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DISCUSSION

The goal of this study was to establish the range of the radiation age responses of

glioma cell lines differing in p53 function. Consistent with previous reports, we found that

cells in G1 phase are much more radiation sensitive than those in S phase. The S phase

percentage appears to have a major effect upon clonogenic survival with the most radiation

resistant fractions being those with the largest number of cells in S phase. The ratio of the

maximum to the minimum SF for U-87 cells (Figure 3.2) is 4.3. We can assume that a

pure population of S phase cells would have an even higher ratio. For U-87-lux.8 and

U-87-175.4 cells, the fractions with highest percentage of S phase cells also have the

highest SF. The range appears to be greater for U-87-175.4 cells (mutant p53) compared

to U-87-lux.8 cells (wt 53). The ratio of the maximum to minimum SF is only 4.8 for

U-87-lux.8 cells compared to 12.7 for U-87-175.4 cells. This difference is greater than

expected if the difference was attributable to the an increased percentage of radioresistant S

phase cells in fraction 6 for U-87-175.4 cells compared to fraction 5 for U-87-lux.8 cells

(52% versus 30%). Interestingly, U-87-lux.8 and U-87-175.4 cells in early elutriation

fractions, which are mostly cycling G1 cells, have similar SFs to cells in plateau phase.

This suggests that despite physiological differences between confluent and cycling G1

cells, clonogenic survival is not affected, at least in the cells we studied.

A technical difficulty that exists with measuring the age response, and any cell

cycle-specific parameter, is obtaining pure cell cycle phase populations. A variety of

pharmacological agents can be used to synchronize cells but these agents usually cause

additional cytotoxicity independent of subsequent irradiation. Because centrifugal

elutriation separates cells based upon sedimentation rate, confounding variables from

pharmacological agents are eliminated and interpretation of cell survival data is simplified.

A disadvantage of the elutriation technique is that while early fractions are relatively Gl
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pure, later fractions have varying percentages of all three cell cycle phases. Therefore,

determining the actual SFs of S, G2, and M phase cells is possible, but usually only by

indirect methods (58). In our case, an additional difficulty was the broad distribution of

sizes of U-87-lux.8 G1 cells, which presumably accounts for the persistence of a large

percentage of G1 cells in later fractions.

As mentioned earlier, an intriguing feature of wt p53 cells is their increased

sensitivity to ionizing radiation (14, 15, 63,98, 182). It should be noted that these cell

lines do not undergo significant levels of p53-dependent radiation-induced apoptosis (65).

There are other reasons, however, that may explain why our wt-p53 cells are more

sensitive to radiation. First, at the isoeffect doses used in our elutriation studies, 6 Gy for

U-87-lux.8 cells and 7 Gy for U-87-175.4 cells respectively, and taking into account of

the differences in cell cycle phase distributions, the increased radiation sensitivity of

wt p53 cells appears to be distributed through all cell cycle phases. This finding is

important because it is consistent with evidence that supports a role for p53 in phases of the

cell cycle other than G1 (2, 33, 61, 67, 190). Second, the presence or absence of the G1

cell cycle checkpoint may affect cell survival to varying degrees. Previous studies have

shown that irradiation of G1 cells in certain cell types (including U-87-lux.8 cells) leads to

a permanent cell cycle arrest, i.e. these cells cannot re-enter S phase and are probably

senescent (36, 63,227). This process probably contributes to the reduced survival of Gl

cells. Third, asynchronous U-87-lux.8 cells have an increased percentage of cells in G1, a

relatively radiosensitive phase of the cell cycle, compared to U-87-175.4 cells (Table 3.2).

The reason for this difference is unclear even though the cell cycle times for both cell lines

are similar (approximately 30 hours).

Determining cell cycle phase distributions by dual-parameter flow cytometry, which

relies upon measurement of cellular DNA content, has inherent limitations. For example,

differences within cell cycle phases (i.e. early G1 versus late G1) cannot be determined



with confidence. For the same reason, because G2 and M phase cells have the same DNA

content these two phases are grouped together, and individual radiation sensitivities for

these two phases cannot be determined. Another issue to be kept in mind is while the two

isogenic cell lines used are genetically identical except for p53 function, there are bound to

be other genetic differences between these cells and other tumor cells or non-transformed

cells. Therefore, confirmatory results using other biological systems are required before

conclusions regarding p53 function can be generalized.

In summary, we observe that wt p53 glioma cells and those expressing a

dominant-negative p53 mutant have, within the limits of our assays, an easily demonstrable

age response. The increased sensitivity of wt p53 cells is probably due to both a

generalized increased sensitivity to radiation in all phases of the cell cycle as well as

cytokinetic differences as compared to mutant p53 cells.



Table 3.1. Survival curve parameters.”

Cell line 0. B

U-87 MG (log phase) 0.18 0.040

U-87–lux.8 (log phase) 0.37 0.052

(plateau phase) 1.019 0.025

U-87–175.4 (log phase) 0.070 0.059

(plateau phase) 0.078 0.14

a Survival curves shown in Figure 3.1 were fitted according to the

linear quadratic model: SF = e-cD-BD”.



Table 3.2. Cell cycle phase percentages of cells in log phase growth as
determined by analysis of dual-parameter flow cytometry plots.

Cell Cycle Phase Percentages”

Cell Line Gl S G2/M otherb

U-87 MG 42.6 (3.1) 27.8 (2.8) 19.5 (1.5) 9.9 (1.8)

U-87–lux.8 65.0 (3.6) 16.7 (1.1) 12.2 (0.9) 6.1 (1.6)

U-87-175.4 46.5 (8.2) 33.2 (11.6) 12.6 (0.8) 8.1 (2.9)

a Mean values from at least three separate experiments are given with the standard deviation

of the sample in parentheses. Totals do not sum exactly to 100 due to averaging.

b Represents cells that did not fall within regions limiting G1, S or G2/M. The majority of

these cells have DNA content greater than G2/M cells with the minority having a

random distribution. Doublets and subcellular debris were excluded prior to

quantitation of cell cycle phases by gating on the FITC-fluorecscence area versus width

plot.
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Figure 3.1. Survival curves for the human glioma cells studied. U-87-lux.8 and
U-87-175.4 are isogenic cell lines derived from transfection of U-87 MG cells.
The curve fits for U-87-lux.8 and U-87-175.4 cells in log phase growth are
duplicated in the right-hand graph as dashed and dotted lines for purposes of
comparison. Data were obtained after irradiation of asynchronous cells and are
representative of at least two separate experiments. The curves were fitted
according to the linear quadratic model: SF = e”-*. The error bars
represent the upper and lower limits of the 95% confidence interval for the point
estimate as calculated by Fieller's Theorem, assuming Poisson probability (48,
62).
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Figure 3.2. Surviving fractions (SFs) of each elutriated fraction (top) and
corresponding cell cycle phase distributions (bottom) for U-87 MG cells (left,
wt p53), U-87-lux.8 cells (middle, wt p53) and U-87-175.4 cells (right,
dominant negative p53 mutant). U-87 MG cells were irradiated with 11 Gy,
U-87-lux.8 cells with 6 Gy, and U-87-175.4 cells with 7 Gy. The mean control
(unirradiated) plating efficiency used to calculate the individual SFs was 0.72
(SD: 0.092), 0.69 (SD: 0.091), and 0.41 (SD: 0.085) for U-87 MG cells,
U-87-lux.8 and U-87-175.4 cells respectively. The error bars represent the
upper and lower limits of the 95% confidence interval for the point estimate as
calculated by Fieller's Theorem, assuming Poisson probability. Cell cycle
phase distributions were measured by analyzing dual-parameter (FITC-BrdU
versus PI) flow cytometry plots.
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Chapter 4 Cytotoxicity ond Cell Cycle Effects of Poclitoxel

Used Alone dnd in Combinotion with lonizing
ROCliction

SUMMARY

The extent of paclitaxel-induced cytotoxicity and cell cycle perturbations, when

used alone and in combination with radiation, was determined in human glioma cells. The

effect of paclitaxel alone on three human glioma cells lines, SF-126, U-87 MG and

U-251 MG, was assessed after 24, 48, 72 or 96 hours treatment. For experiments in

combination with radiation, cells were exposed to either a long (48 h) or short (8 h)

duration of paclitaxel treatment prior to irradiation. Cell survival was determined by

clonogenic assay. Cell cycle perturbations were assessed by using flow cytometry to

measure the proportion of cells in G1, S and G2/M phases. When cells were treated with

paclitaxel alone for 2 24 h, cytotoxicity increased up to a threshold dose, after which it

plateaued. When treatment duration was s 24 h, cytotoxicity was appreciably greater in

U-251 MG cells than in SF-126 and U-87 MG cells. After 24 h of paclitaxel treatment,

cells in plateau phase growth had increased survival compared to cells in log phase growth.

In contrast, after 8 h paclitaxel treatment, mitotic cells had reduced survival when

compared to cells from an asynchronous population. Cell cycle perturbations were

consistent with the presence of a mitotic block after paclitaxel treatment although changes in

other cell cycle phase fractions varied among cell lines. For experiments in combination

with radiation, cytotoxicity was increased when cells were irradiated after 48 h of paclitaxel

treatment but not after 8 h of treatment. The duration of paclitaxel treatment and the

location of cells in the cell cycle modifies the degree of radiation cytotoxicity. The
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mechanisms of paclitaxel cytotoxicity are likely to be multifactorial because varying effects

are seen in different cell lines. Furthermore, it is clear that simply increasing the number of

cells in G2/M is insufficient in itself to increase the response of cells to radiation.

INTRODUCTION

Paclitaxel is a chemotherapeutic drug isolated from the bark or needles of the Pacific

yew tree, Taxus brevifolia. It is being evaluated for clinical use in a variety of tumor types

including ovarian cancer, breast cancer and malignant melanoma (25, 76, 100, 123, 176,

200). The cellular effects of paclitaxel are attributed to its strong stoichiometric binding of

of tubulin heterodimers (37, 154, 173, 174). It is postulated that as a result of paclitaxel

binding, microtubule polymerization and mitotic spindle assembly proceeds incorrectly,

leading to arrest in the mitotic phase of the cell cycle (82, 94). In particular, cells arrest at a

metaphase to anaphase checkpoint that is activated in response to an abnormal spindle or

misaligned chromosomes (55).

One reason for the interest in paclitaxel is that its effect upon microtubules differs

from older agents, such as vinblastine and colchicine, which also bind tubulin molecules

(81, 174, 181). Paclitaxel reportedly stabilizes or promotes microtubule polymerization

while these other agents cause microtubule depolymerization. Jordan et al, however,

reported no difference in microtubule dynamics after treatment with vinblastine or paclitaxel

(82). These findings can be explained, in part, by examining the concentrations of

paclitaxel used in these experiments. If paclitaxel is used at concentrations in the

nanomolar range the morphological appearance of microtubules is unchanged from normal

and the effect on microtubule function is the same for paclitaxel and drugs such as

vinblastine (82). In this study, we examined cell cycle perturbations caused by microtubule
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dysfunction using paclitaxel concentrations in the nanomolar range and treatment durations

from 2 to 48 h.

Paclitaxel enhances the radiation response of a variety of cell types (26, 53, 74,

104, 188, 189, 202, 203). These results are usually explained by the observation that

paclitaxel arrests cells in mitosis and mitotic cells are known to be more sensitive to

radiation than cells in other phases of the cell cycle (180). This assumes that the

drug-arrested cells are still viable. However, in nanomolar concentrations, paclitaxel by

itself affects cellular viability to a significant degree, often producing >90% cell killing. It

is unclear if cells arrested in mitosis following paclitaxel treatment are able to re-enter the

cell cycle or are irreversibly committed to permanent cell cycle arrest and cell death.

Paclitaxel has been labeled as a radiation sensitizer (26, 53, 74, 104, 188, 189, 202, 203).

However, strictly speaking, radiation sensitizers enhance the radiation effect without

producing any cytotoxic effects by themselves (187). In most published reports of

paclitaxel combined with radiation, paclitaxel by itself produces a >90% cell kill. Thus, the

increased cell killing that is usually observed reflects the radiation response of a small

fraction of the original cells (see Appendix B). In this study, we examined the dose

response characteristics of three glioma cell lines to paclitaxel and the cytotoxicity of

paclitaxel alone and in combination with irradiation. Because most experimental studies

have used durations of paclitaxel treatment 224 h, the effects of shorter treatment durations

upon cell cycle progression and radiation survival are not well defined. Our results using 8

and 48 h treatment durations suggest that the perturbations in cell cycle populations vary as

a result of treatment duration, and may be a major factor that determines the efficacy of

paclitaxel treatment when used in combination with radiation.



MATERIALS AND METHODS

Cell Culture

SF-126, U-87 MG and U-251 MG cell lines derived from human malignant

glioma tumors were studied (75, 168). Stock cell cultures were maintained as

exponentially-growing monolayer cells in CMEM, which consists of Eagle's medium

supplemented with nonessential amino acids, glutamine, and 10% fetal calf serum.

Cultures were incubated at 37°C in an humidified atmosphere containing 5% CO2. Cells

were removed from the plastic surface of the culture flasks by exposure to a mixture of

saline A, trypsin (0.05%) and versene (0.02%) for 5-10 min at room temperature and then

disaggregated by a sharp blow to the flask. Cells were then resuspended in CMEM and

counted electronically with a Coulter counter (Coulter Electronics, Inc., Hialeah, FL).

Drug Treatment

Paclitaxel (Taxol'M) was provided by the Bristol-Myers Squibb Company

(Wallingford, CT). It was mixed as a stock solution in ethanol and used at the indicated

concentrations by addition to media in flasks directly. The concentration of the stock

solution was determined by measuring UV absorbance (227 nm). The concentration of

ethanol in the treatment medium was 3 1.0% (v:v) and did not affect plating efficiency of

control cells or the radiation survival curves of cells not treated with paclitaxel (data not

shown).

X-irradiation

Before irradiation, CMEM containing paclitaxel was removed, cells were rinsed

once with fresh CMEM and then 15 ml of warm CMEM was placed in each flask. Flasks



containing cells were kept on ice for 10 min and then irradiated on ice, with a 150 kVp

x-ray machine (Philips, Hamburg, Germany) at a dose rate of 1.2 Gy/min.

Cell Survival

Cell survival was determined with the CFE assay which was optimized with respect

to incubation time, feeder number, and number of cells seeded per plate. For all

experiments, 6-well plates (35 mm) were prepared 24 h in advance by seeding an

optimum number (5 x 104) of heavily irradiated (40 Gy) feeder cells into 4 ml of

CMEM. After cells were plated, the dishes were incubated at 37°C in an humidified

atmosphere containing 5% C02 and 95% air. Incubation of the colonies continued for 2 to

3 weeks; the actual time required to form at least 50-cell colonies depended on the cell line.

The colonies were then stained with methylene blue (0.66% solution in 95% ethanol) and

counted. PE was calculated as the ratio of the number of colonies formed to cells seeded.

The SF was calculated as the PE of the treated cells divided by the PE of the untreated cells.

Error bars for all survival data represent the upper and lower bounds of a 95% confidence

interval for normalized data points as calculated by Fieller's Theorem (48).

Calculation of the DER

The dose enhancement ratio (DER) was calculated by dividing the radiation dose

causing 1 log cell kill by the radiation dose causing an equivalent cell kill after combined

drug treatment and radiation.

SF of Cells in Log and Plateau Phase Growth

The SF of cells in log phase growth was measured by seeding cells into T-75 flasks

at low density. After 24 h in culture, SF-126 and U-87 MG cells were treated with

100 nM paclitaxel and U-251 MG cells with 10.2 nM paclitaxel for 24 h. Cells in



plateau phase growth (confluence arrested) were obtained by maintaining cells 10-13 days

in culture (depending upon the cell line). Cells were then treated with paclitaxel for 24 h

with the same concentrations used for log phase cells. The PE was determined by the CFE

assay. The SFs of cells in log and plateau phase growth were determined by normalizing

the treated PEs to the control PEs of cells in log and plateau phase growth, respectively.

Cell cycle phase fractions were measured at each data point by flow cytometry.

PE of Mitotic Cells

Cells were grown in T-175 tissue culture flasks and then treated with paclitaxel for

8 h. SF-126 and U-87 MG cells were treated with 100 nM paclitaxel and U-251 MG

cells with 10.2 nM paclitaxel. The CMEM containing drug was removed and replaced

with fresh CMEM. Mitotic cells were obtained by striking the flasks sharply and then

collecting the floating cells with centrifugation. Cell were counted with a hemocytometer.

PE of mitotic cells was determined by the CFE assay. To determine the mitotic index, an

aliquot of sample was fixed in 70% ethanol, stained with diamidine phenylindole (DAPI

and examined by fluorescence microscopy. Two hundred cells were counted and scored as

mitotic or interphase cells for each sample.

Flow Cytometry

Determination of cell cycle phase fractions was by simultaneous measurement of PI

fluorescence and fluorescence of a FITC conjugated secondary antibody used to label a

primary antibody specific for Brdu. Cells were pulse-labeled for 1 h with 10 puM Brdu

immediately before being collected, washed twice with cold phosphate-buffered saline,

fixed in cold 70% ethanol, and then stored overnight at 4°C. Approximately 1 x 106 cells

were collected for each sample. Cells were centrifuged and then resuspended in 3 ml of

2.5 M HCl for 30 min, washed with 0.5% Tween 20 in phosphate-buffered saline, and



then incubated for 1 h with a 1:100 dilution of mouse monoclonal anti-BrdU antibody

(Caltag, South San Francisco, CA). After another two washes, the cells were incubated

for 30 min with a 1:500 dilution of goat FITC-conjugated anti-mouse antibody (Sigma

Chemical Co., St. Louis, MO). This was followed by incubation with 0.5 ml of PI

(10 mg/ml) for 30 min. Cells were filtered through a 37 pum mesh and then analyzed

under dual parameter (FITC versus PI) conditions with a Becton Dickinson FACScan (San

Jose, CA). Raw data were refined by plotting the area of the PI fluorescence signal versus

its width and then selecting only the single cell population for further analysis. Phase

fractions were determined by identifying and counting cell populations on a plot of FITC

fluorescence versus PI fluorescence using the CellCuest software package (Becton

Dickinson).

Treatment Protocols

First, to establish the toxicity of paclitaxel alone, we studied drug concentrations

between 100 and 2000 nM to determine the optimal dose for subsequent experiments.

Because U-251 MG cells proved to be extremely sensitive to this initial concentration

range, we performed additional dose response experiments with drug concentrations in the

10-200 nM range for this cell line only.

To determine the effect of treatment time on drug-induced cytotoxicity, we studied

treatment durations from 24 to 96 h (the cell lines studied have doubling times of 24 to

36 h under the growth conditions used). In a separate set of experiments, the combined

cytotoxicity of paclitaxel and radiation was determined by pretreating cells with a

concentration of paclitaxel that produced - 90% cell kill before irradiating them. Drug

dose response experiments determined this to be 100 nM for SF-126 and U-87 MG cells

and 10.2 nM for U-251 MG cells with a treatment duration of 48 h. Samples were

collected for cell cycle analyses after 48 h paclitaxel treatment.
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To determine survival for treatment durations less than 24 h, we performed

clonogenic assays after 2, 6, 12, 18 and 24 h of paclitaxel treatment in all three cell lines.

Samples from each time point were also examined by flow cytometry. Additional

experiments were done combining shorter durations of paclitaxel treatment and radiation.

For these studies we chose a treatment time (8 h) that resulted in less than 90% cell kill, yet

still produced definite cell cycle perturbations. In U-251 MG cells, because 10.2 nM

paclitaxel caused approximately 90% cell killing after 8 h treatment, we further reduced the

drug concentration to 5.1 nM.

RESULTS

Cytotoxicity Produced by Paclitaxel

The drug dose response curves were biphasic; beyond a certain threshold

concentration observed cytotoxicity plateaued (Figure 4.1). When drug exposure time was

increased from 24-96 h, cytotoxicity increased in the plateau region. After 96 h treatment

at a concentration of 200 nM, all cell lines studied displayed greater than 98% cell kill.

SF-126 and U-87 MG cells were similarly sensitive to paclitaxel, while U-251 MG cells

were more sensitive to the drug, prompting closer examination of concentrations below

200 nM.

Effect of 48 Hours Pretreatment by Paclitaxel Upon Radiation Survival and Cell Cycle

Distribution

Cytotoxicity was enhanced slightly when cells were pretreated with paclitaxel

before being irradiated (Figure 4.2). Because all three cell lines have doubling times

between 24 and 36 h, a uniform treatment time of 48 h was chosen to ensure that all
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cycling cells would reach mitosis. The DERs obtained from survival curves of SF-126,

U-87 MG and U-251 MG cells were 1.2, 1.3 and 1.3, respectively.

The cell cycle phase fractions after 48 h of paclitaxel treatment (prior to irradiation)

revealed different patterns for each cell type (Figure 4.3A-C). The flow cytometry profile

for control SF-126 cells showed a rather typical cell cycle distribution for mammalian cells.

In the treated sample, cells accumulated in the G2/M region and the sub-G1 region located

to the left of the position of normal G1 cells (Table 4.1). Using fluorescence microscopy,

we observed that the sub-G1 cells were actually cellular fragments of varying size, some of

which contained nuclear material. We presumed they arose from fragile cells that had

fragmented during preparation of cells for flow cytometry. The S phase population could

not be distinguished clearly from the other populations. The population of cells with DNA

content greater than G2 cells increased in proportion from 4.4% of the control sample to

20.5% after paclitaxel treatment.

The flow cytometry profile for control U-87 MG cells was similar to SF-126 cells

except that the population with greater than G2 DNA content was larger (13.3% vs. 4.4%,

Figure 4.3B, Table 4.1). For treated U-87 MG cells, 45.9% of the population arrested

in G2/M while a large population of cells (47.9%) continued to replicate their DNA without

undergoing cytokinesis. This population was clearly visible to the right of the normal G2

population. The normal S phase population completely disappeared. For paclitaxel treated

U-87 MG cells (Figure 4.3B), the x-axis (DNA content) was compressed in order to

bring all populations into view.

For control U-251 MG cells there was a typical cell cycle distribution although G1

cells formed the majority of the overall population (Figure 4.3C, Table 4.1). After

paclitaxel treatment normal cell cycle populations (i.e. G1, S, G2/M) could not be clearly

identified. The majority of measured events were clustered in the sub-G1 region.

Fluorescence microscopy confirmed that these represented sub-cellular fragments. This

º



was presumably caused by increased fragility of U-251 MG cells after paclitaxel treatment.

This phenomenon was much more prominent in U-251 MG cells than in SF-126 cells.

Effect of Shorter Treatment Times Upon Paclitaxel Cytotoxicity

We investigated cytotoxicity after shorter treatment times using the same

concentrations of paclitaxel that were studied with 48 h treatment durations. Shorter

treatment times produced a gradual and cumulative cell kill of approximately 90% cell kill in

U-87 MG and SF-126 cells after 24 h (Figure 4.4A). U-251 MG cells had a

quantitatively different response to 10.2 nM of paclitaxel; after 12 h of treatment, only

10% of U-251 MG cells retained clonogenic potential compared with 40% of SF-126 or

U-87 MG cells. Flow cytometry profiles of samples from each time point (Figure 4.4B)

revealed the evolution of cell cycle changes over 24 h of paclitaxel treatment. Generally,

SF-126 and U-87 MG cells accumulated in G2/M, whereas the profiles for U-251 MG

cells revealed a time-dependent increase in cellular fragmentation. After 24 h, the flow

cytometry profiles were virtually identical to those after 48 h (Figure 4.3). In U-251 MG

cells, the accumulation of sub-G1 events began 6 h after paclitaxel treatment.

Effect of 8 Hours Pretreatment by Paclitaxel Upon Radiation Survival and Cell Cycle

Distribution

There was no change in radiation survival after paclitaxel treatment in either SF-126

or U-87 MG cells (Figure 4.5). In U-251 MG cells there was an increase in radiation

survival following paclitaxel treatment. The flow cytometric profile of treated SF-126 cells

showed an accumulation of G2/M cells with an accompanying depletion of G1 cells

(Figure 4.6A, Table 4.1). Of note, the percentage of cells in S phase did not change,

implying that cells continued to progress from S phase to G2 as the G1 population became

smaller. In addition, a small population representing cellular debris (sub-G1) was clearly
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evident. The population of cells containing a DNA content greater than G2 did not

increase. In treated U-87 MG cells, the G2/M population and the population with greater

than G2 DNA content increased. Although interpretation of the flow cytometric profile for

U-251 MG cells is complicated by the presence of cellular fragments in the sub-G1 region,

there is an increase in the G2/M population. The most dramatic change was the reduction

of the G1 population from 60.5% to 24.8%.

Non-cycling Cells are More Resistant to Paclitaxel than Cycling Cells

After 24 h paclitaxel treatment, the surviving fractions of plateau phase SF-126,

U-87 MG and U-251 MG cells were 5.6, 8.5 and 5.7-fold greater than those of cycling

cells, respectively (Table 4.2). This result demonstrates that paclitaxel cytotoxicity affects

primarily the cycling population while quiescent cells are relatively protected. The cell

cycle phase fractions of cells in plateau phase growth before paclitaxel treatment,

determined by flow cytometry, show accumulation of Go/G1 cells with a marked reduction

in the percentage of actively replicating (Sphase) cells.

The PE of mitotic SF-126 cells after 8 h of paclitaxel treatment was ~16% the PE

of asynchronous cells (Table 4.3); for U-87 MG and U-251 MG cells, the treated PE is

approximately half the control PE. The percentage of cells in mitosis was >90% for

SF-126 and U-251 MG cells, and approximately 70% for U-87 MG.

DISCUSSION

This study highlights the cell line specificity of paclitaxel response, the importance

of paclitaxel-induced cell cycle perturbations, and the varying effects observed when used

in combination with radiation therapy. Our initial experiments confirm the characteristic
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dose response relationship for paclitaxel reported by others (17, 104, 189). For a given

drug exposure time there is a plateau in paclitaxel cytotoxicity as measured by clonogenic

assay. This is true for all three cell lines examined and can be interpreted in at least two

ways: first, above a certain drug concentration all available drug binding sites are occupied;

and/or second, only a specific population of cycling cells is affected. Increasing the

duration of paclitaxel exposure reduces clonogenicity (Figure 4.1). As well, a recent study

showed that cells with longer doubling times have reduced paclitaxel cytotoxicity (6).

These observations support the concept that while the majority of cells are affected during

their initial transit through the cell cycle, a small number perform mitosis accurately and

lose clonogenicity only if paclitaxel is present during subsequent mitoses.

While the general profiles of the dose response data are similar for all three cell

lines, U-251 MG cells are clearly more sensitive. Higher paclitaxel concentrations, like

those used for SF-126 or U-87 MG cells, results in very few surviving cells. Despite a

10-fold reduction in drug concentration for U-251 MG cells, survival is still markedly

lower compared to the other two cell lines. A number of possible mechanisms may account

for this difference in sensitivity to paclitaxel. Paclitaxel is known to be transported by

P-glycoprotein, the membrane protein responsible for the multidrug resistance (MDR)

phenotype (22, 101, 167). Failure to express P-glycoprotein or expression of a mutant

protein would increase the sensitivity of cells to paclitaxel. Mutations in the target molecule

(tubulin) can affect the response of cells to paclitaxel, presumably by altering binding

affinity to paclitaxel (127). As well, under certain circumstances apoptosis is observed

following treatment with paclitaxel (11,39). It is unclear if the degree of apoptosis

correlates with cellular response to paclitaxel treatment.

Others have shown that paclitaxel can enhance the radiation response of cells (26,

53, 74, 106, 188, 189, 202, 203). We therefore examined the effect of paclitaxel

pre-treatment on cell cycle progression and overall survival following ionizing radiation.
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Initially we chose paclitaxel concentrations that produced a quantitatively similar effect on

clonogenicity (albeit in different cell lines), as those found by other investigators (26, 74,

188, 189, 202, 203). The survival curves for irradiated cells showed a modest increase in

cell killing after pre-treatment for 48 h with paclitaxel, but 90 to 95% of clonogenic loss

was accounted for by the action of paclitaxel alone. The small degree of radiation

enhancement observed by ourselves and others (104), suggests that caution be used when

extrapolating the usefulness of paclitaxel in multimodality treatment for various cancer

types, particularly when radiation fractionation is being used. In a clinical situation, if the

majority of cell kill is paclitaxel-related, substantial normal tissue toxicity may result.

With concentrations used in this study, 100 nM for SF-126 and U-87 MG cells

and 10.2 nM for U-251 MG cells, we observed very clear cell cycle perturbations by flow

cytometry. While there is evidence of a G2/M block, the flow cytometry profiles suggest a

variety of responses as a result of the presumed underlying abnormality in microtubule

function. In U-87 MG and SF-126 cells, while the majority of cells are blocked in G2/M,

a sub-population continues to replicate DNA despite failing to undergo cytokinesis. This is

most clearly demonstrated by the presence of a population of cells that incorporates Brd'U

and also has a DNA content greater than G2 cells (Figure 4.3A and 4.3B, Figure 4.6A

and 4.6B). In U-87 MG cells, after 48 h treatment, a substantial population appears to

contain twice the DNA content of G2 cells (Figure 4.3B), suggesting that initiation of

DNA synthesis is not dependent upon completion of cell division. Indeed, in U-87 MG

cells after 48 h of paclitaxel treatment, 48% of the cellular population continued DNA

replication to some extent without cell division. While U-251 MG cells are the most

sensitive to paclitaxel, fewer than 0.5% of these cells contain greater than G2 DNA content.

In U-251-MG cells there is a loss of cellular integrity in most cells as demonstrated by the

predominance of many small subcellular fragments, indicating that paclitaxel treatment

produced unusually fragile cells. Furthermore, the gradual increase in the sub-G1

º

* * * *

| 1 ||



73

population from 6 to 24 h of paclitaxel treatment (Figure 4.4) accompanied by a fall in the

G2 population suggests that cell cycle progression is necessary for cellular fragmentation to

occur. (Initially we suspected that this represented apoptosis of treated cells but direct

microscopic examination did not reveal the characteristic nuclear appearance associated with

apoptotic cells.) These results are consistent with a model where cells that can activate a

mitotic checkpoint in response to an abnormal spindle (SF-126 or U-87 MG cells) have a

survival advantage compared to those cells that are unable to arrest (U-251 MG).

Treatment for 8 h produced less cytotoxicity that did treatment for 48 h, but the

8 h treatment did not enhance cell killing by radiation in SF-126 and U-87 MG cells

(Figure 4.5A and 4.5B), while it increased survival in U-251-MG cells (Figure 4.5C).

These results (for U-251 MG cells) can be explained in the following manner. First,

although paclitaxel treatment causes an accumulation of mitotic cells, these cells represent a

population that has reduced clonogenic potential (Table 4.3). Second, there is a marked

redistribution in the cell cycle after 8 h paclitaxel treatment with an increase in the G2/M

population and a large decrease in the G1 population (Table 4.1). Third, the cell lines used

in this study demonstrate a typical cell age response to radiation; where G1 and M phase

cells are more radiosensitive than S phase cells. Therefore, cell cycle redistribution may

increase the number of cells in radioresistant phases of the cell cycle and consequently

eliminate whatever radiation enhancement paclitaxel potentially causes.

An important cytokinetic feature of most malignant gliomas is a low labeling index

(< 10%) as measured by Brdu incorporation (77, 78). Based upon our results comparing

cells in log versus plateau phase cells (Table 4.2), the non-cycling population in these

tumors will be protected from paclitaxel cytotoxicity compared to actively proliferating

cells. These results predict that a significant variation in tumor response can be expected in

patients receiving paclitaxel depending upon the cell cycle distribution within the tumor.

Furthermore, because tumors often display considerable heterogeneity, the optimal duration
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of paclitaxel treatment, and timing with radiation, probably varies between tumor types and

patients.

In summary, our study illustrates a wide variation in cellular response to paclitaxel,

even in cell lines derived from the same tumor type. The major factors affecting paclitaxel

cytotoxicity are the duration of treatment, the cell line studied, and the size of the cycling

population. The use of paclitaxel as a radiation sensitizer must be regarded with some

caution in view of the notable differences in cell cycle profiles and cellular survival that we

and others (53, 105) have observed.
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Table 4.1. Cell cycle phase fractions for control and treated cells after 48
and 8 h paclitaxel treatment

Cell Line Treatment Duration Cell Cycle Phase
(h) Distributions”

G1 S G2/M >G2
(%) (%) (%) (%)

SF-126 control
-

41.5 32.0 20.5 4.4

100 nM paclitaxel 48 19.2 NMa 41.0 20.5

U-87 MG control
-

29.6 35.5 21.0 13.3

100 nM paclitaxel 48 1.4 NM 45.9 47.9

U-251 MG control
-

65.3 21.4 10.8 <0.5

10.2 nM paclitaxel 48 NM NM NM NM

SF-126 control
-

31.0 34.3 22.1 12.0

100 nM paclitaxel 8 12.1 36.0 36.7 11.8

U-87 MG control
-

44.2 19.7 25.4 10.0

100 nM paclitaxel 8 34.5 12.7 35.2 14.3

U-251 MG control
-

60.5 27.2 10.9 <0.5

10.2 nM paclitaxel 8 24.8 21.0 21.6 <0.5

* NM (Not Measured). In these samples the indicated cell cycle population could not be

clearly identified (Figure 4.3).

* Cell cycle phase fractions were measured by counting cells located within specified

regions of flow cytometric profiles as illustrated in Figures 4.3 and 4.6.
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Table 4.2. Surviving fraction (SF) of log and plateau phase cells sº
following 24 h paclitaxel treatment with cell cycle phase fractions at start

of treatment º

Cell line growth phase” SFb G0/G1 S G2/M tº
(%) (%) (%) º

gº

SF-126 log phase 0.15 (0.029) 43.0 31.2 19.6 ---

plateau phase 0.85 (0.24) 63.8 9.19 21.5 ->

S
U-87 MG log phase 0.090 (0.011) 57.5 27.3 11.1 =

plateau phase 0.77 (0.073) 79.0 2.0 14.3 - -
& J.

º R_*:

U-251 MG log phase 0.17 (0.025) 77.6 13.2 5.6 X *

plateau phase 0.97 (0.079) 80.1 4.0 11.3 > *
|

> º
°.

a Cells were treated with paclitaxel at 1 day (log phase) or 9-13 days after seeding (plateau
* -

phase). SF-126 and U-87 MG cells were treated with 100 nM paclitaxel and º
*...*

U-251 MG cells with 10.2 nM paclitaxel. º
b The number in parenthesis, added or subtracted from the SF, represents the upper and ~

lower limits of the 95% confidence interval as calculated by Fieller's theorem. º



Table 4.3. Plating efficiency (PE) of asynchronous cells compared to
mitotic cells following 8 h treatment with paclitaxela

Cell line PE (asynchronous cells)” PE (mitotic cells)

SF-126 34.1 (2.6) 5.5 (0.7)

U-87 MG 40.3 (5.7) 18.5 (2.0)

U-251 MG 19.6 (4.3) 11.0 (0.7)

a SF-126 and U-87 MG cells were treated with 100 nM paclitaxel and U-251 MG cells

with 10.2 nM paclitaxel.

b The value for the PE is the mean of two separate experiments. The number in parenthesis

is the standard error of the mean. ;
>
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Figure 4.1. The dose response for paclitaxel for SF-126, U-87 MG and
U-251 MG cells. Cells were assayed for survival after 24, 48, 72 or 96 h of
treatment with graded paclitaxel concentrations. Data are shown for U-251 MG
cells at drug concentrations only from 0 to 200 nM. In U-251 MG cells
cytotoxicity at paclitaxel concentrations higher than 200 nM did not increase for
24, 48 or 72 h treatment (data not shown). Virtually no colonies were obtained
for higher concentrations than 100 nM with a treatment duration of 96 h. All
data shown are representative of at least two separate experiments.
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A SF-126 Control Paclitaxel (48 h)

U-251 MG Control Paclitaxel (48 h)

+

C

DNA content (linear scale)

Figure 4.3. The Brdu/PI contour plots for control and paclitaxel treated
samples (48 h) before irradiation for SF-126, U-87 MG and U-251 MG cells.
The contour lines represent 10% probability increments with a 0.5% threshold
applied to all data. The identifiable populations are surrounded by boxes.
Percentages of cells located within each population are given in Table 4.1.
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Figure 4.4. The effect of drug treatment times less than 24 h in SF-126,
U-87 MG and U-251 MG cells. The PI histograms demonstrate that loss of
clonogenicity over 24 h is accompanied by accumulation of cells in G2/M and
depletion of the G1 and S phase populations. Data for all time points except at
18 h are representative of at least two experiments; the 18 h data were
obtained in a single experiment.
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Figure 4.5. The effect of 8 h paclitaxel treatment and irradiation on survival of
SF-126, U-87 MG and U-251 MG cells. All data shown are representative of
two separate experiments.
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Figure 4.6. The Brdu/PI contour plots for control and paclitaxel treated samples
(8 h) before irradiation for SF-126, U-87 MG and U-251 MG cells. The
contour lines represent 10% probability increments with a 0.5% threshold
applied to all data. The measured populations are surrounded by boxes.
Percentages of cells located within each population are given in Table 4.1.
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Chapter 5 A Stotisticol Approoch for Andlyzing
Clonogenic Doto

SUMMARY

The CFE assay is a mainstay in the measurement of cell response in vitro to many

physical and chemical agents. Currently, CFE data can be calculated in a variety of ways.

Authors rarely describe in detail the methods used to determine the extent of biological

variation within experiments. Use of standard methods of data analysis and presentation

would improve interpretation of data and facilitate comparison between laboratories. Here

we propose such a method. Binomial and Poisson probability theory were used to increase

the accuracy of the estimate of the surviving fraction and to create an objective criterion for

determining whether data obtained from serial dilutions of cell numbers used in the CFE

assay should be excluded or included for further analysis. The variability inherent in the

calculation of surviving fraction was determined by using Fieller's theorem, a special

statistical application for assessing ratios of estimates, to determine the 95% confidence

interval. All calculations were done on a simple and commercially available spreadsheet

program.

INTRODUCTION

In many fields of biology the dose-response relationship for a particular agent or

protocol is initially evaluated in cell culture systems. The CFE assay is the gold standard

for determining cytotoxicity of physical (e.g. radiation) and chemical agents (66).

;

-
º

4 'º

--

>



Typically, the PE is calculated as the number of colonies per plate divided by the number of

cells originally seeded. The SF is calculated as the PE of treated cells divided by the PE of

untreated control cells. Thus, quantitative information is easily obtained from the CFE

assay if the number of cells seeded and the number of colonies are known.

Classically, the clonogenic assay is performed by seeding single or multi-well

culture plates with a known number of cells. Since it is not known beforehand what the PE

will be, plates are usually seeded with a range of dilutions, e.g. each well of a six-well

plate might be seeded with 25, 50, 100 or 200 cells. The observed PE is calculated for

each plate of each dilution and the estimated plating efficiency (PE) is then calculated by

averaging the values of all plates. This average is then divided by the average of the control

group, and the result is reported as the estimated surviving fraction (SF) with an estimated

standard deviation given by dividing the PE standard deviation across dilutions by the

control PE. This approach is limited since it does not take into account that data from

plates with a higher number of seeded cells, within the range of non-overlapping colonies,

are more reliable. Since a dilution series is usually prepared from a stock single-cell

suspension, the observed numbers of colonies should increase linearly with the number of

cells seeded per well or plate. In practice, due to overlapping colonies or media depletion,

colony counts from plates with higher plating densities sometimes are lower than expected.

In this case an arbitrary decision is made whether to include the data in the overall estimate.

It would be preferable to have a clearly defined method of determining which data should

be excluded. In addition, the actual final confidence interval for the surviving fraction

based upon the method described above does not take into account the variability of the

control PE.

In this communication, we propose the use of basic principles of binomial and

Poisson probability theory to improve the quality of the estimate of PE. In general, the

actual numbers of cells plated after the preparation of a dilution series, i.e. counting,



pipetting and plating, will follow a Poisson distribution. Binomial probability theory is

used in the special situation where the number of cells plated is precisely known. An

example, using a radiation survival curve, is provided to demonstrate both methods of data

analysis. In addition, we provide a readily accessible rule for determining when to delete

data derived from those plates with more colonies, and show how using Fieller's (48, 56)

theorem provides a more appropriate confidence interval for SF. Naturally, this approach

may be used for any experiment using the clonogenic assay.

MATERIALS AND METHODS

Cell Culture and X-irradiation

Human glioma cells, U-87-175.4, were grown as a monolayer in CMEM

supplemented G418 (400 pg/ml) at 37° C in an humidified atmosphere of 5% CO2 in air.

Cells were irradiated on ice with a 150 kVp X-ray machine (Philips, Hamburg, Germany)

at a dose rate of 1.3 Gy/min.

Colony Forming Efficiency

The standard CFE assay was used with minor modifications. This assay has been

optimized with respect to incubation time, and feeder number. (These variables affect final

clonogenic potential if not optimized.) Six-well plates (35 mm) were prepared 24 h in

advance by seeding 5 x 104 heavily irradiated (40 Gy) feeder cells into 4 ml of media.

To ensure that colonies would be obtained at each radiation dose point, a range of plating

densities was prepared by making specified dilutions from a stock single cell suspension.

A different plating density was used in each six-well plate. After cells were seeded, the

plates were incubated for 2 weeks at 37° C. Plates were then stained with methylene blue
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(0.66% solution in 95% ethanol) for 10 minutes, dried, and colonies containing at least

50 cells were counted.

Data and Statistical Analyses

Using standard binomial or Poisson probability theory, the expected proportion of

cells forming colonies is equal to the true PE. The variability of the observed plating

efficiency (observed counts divided by number of cells plated) at any dilution is described

by the standard error (SE), where

SE-JPE. dº
• (1a)

and n is the number of cells plated.

When n is an estimate, as it is when serial dilutions are used, the observed count

has a Poisson distribution and the standard error of the observed plating efficiency is

SE = |* . (1b)
Il

In either case, if the colonies are not overlapping, the plates with more colonies

(i.e., seeded with lower cell dilutions) provide more accuracy (smaller SE) and should be

weighted more heavily in an overall estimate of the PE (PE). This can be achieved by

adding all colonies counted across a range of plating densities and dividing by all cells

seeded in all plates, and using the result as the PE rather than averaging the individual

observed PE's.

To verify that a given plate should be included in the calculation, we begin with the

plate with countable colonies that was seeded with a lower number of cells, on the

assumption that the colonies will not be overlapping. For each higher plating density, the

observed proportion of colonies between adjacent dilution levels is compared using the

:
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normal approximation to the binomial or Poisson to determine the probability that a

decrease at the higher seeding density at least as large as that observed would occur by

chance. Specifically, a Z-score is calculated as follows:

Z = PE –PE, , under binomial theory or, (2a)
PE, (I-PE), PEu(I-PEM)

n L In H

PE –PE, (2b)Z = —H , under Poisson theory;|PE, PE, ry+
-

n L Il H

where PEL is the observed plating efficiency from the plate seeded with the lower plating

density, PEH is the observed plating efficiency from the plate seeded with the higher plating

density, and n is the total number of cells seeded at the lower plating density, and nH is the

total number of cells seeded at the higher plating density. Both PEL and PEH are

approximately normally distributed. This approximation is generally considered acceptable

if (n x PE) > 25 (binomial) or (n x PE) > 9 (Poisson) (73). It follows that the Z scores

as defined above are approximately normally distributed. The Z-score is compared to a

table providing the probability distribution for standard normal (Z) scores to determine the

p-value. Some standard Z-scores and p-values are given in Table 5.1 (184). A one-tailed

hypothesis test can be done by comparing this p-value with a pre-specified p-value cutoff

for inclusion of data.

For our sample data we selected a p-value of 0.05. Therefore, if the Z-score from a

six-well plate with lower plating density as compared to the higher plating density was

< 1.65, the data were accepted and colony counts from that six-well dish were added to the

overall data set. Conversely, if the Z-score was > 1.65 the data were rejected.

:
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The following is a method for measuring the variability that accompanies the

estimation of the SF by determining the 95% confidence interval. Initially, the estimated

plating efficiencies for control and treated cells are calculated by

PE, - * respectively; (4)
t

where tc is the total number of control colonies counted, tº is the total number of treated

colonies counted, nc is the total number of control cells seeded, and nt is the total number

of treated cells seeded. The estimated surviving fraction is given by

SE-PPL , (5)A.

PEe

Therefore, SF is a ratio of two independent estimates. As stated above, each of

these can be considered to be approximately normally distributed. Fieller's theorem,

specifically designed to address ratios of estimates, can be used to determine the upper and

lower limits of a confidence interval (48, 56) as follows:

|sr|
g
}*}|†Nºvº-o. (6)(1–g) PE.(1-g)

where,

2

•- Z jv.
> (7)PEe



PE, (1–PE.)
- -V.--—# , under binomial theory or, (8)

Inc.t

PE
V. --→4 under Poisson theory. (9)

In
C,t

Z is the value from the normal distribution table for a two-tailed test (e.g., for 95%

confidence interval, Z= 1.96), Vc is the variance of the control sample, and Vt is the

variance of the treated sample. To calculate the confidence interval, the PEe and PE, are

substituted for PEc and PEt respectively.

All calculations were performed on an Excel (Microsoft, Redmond, WA)

spreadsheet, v. 4.0 for Macintosh. The Excel spreadsheet shown in Figures 5.1 and 5.2,

and this manuscript can be obtained by anonymous ftp to btresun.ucsf.edu (IP#:

128.218.13.254). The spreadsheet is saved in SYLK format and the manuscript in RTF

format (created with Microsoft Word, v. 5.1a for Macintosh) and are located in

/u/ftp/pub/deen/stats.95 as /excelcfe.xls and /word.cfe.doc respectively. These files when

downloaded as plain text files can be converted into normal format by Macintosh or

Windows versions of Excel and Word. The spreadsheet includes all equations described

above and will analyze clonogenic data by the method used in this paper once colony

counts are entered. The results were plotted using KaleidaGraph (Abelbeck and Synergy

Software, Reading, PA), v. 3.0.4 for Macintosh.

RESULTS AND DISCUSSION

In this report we describe a statistical approach that improves the precision of the

clonogenic survival assay and reduces the subjectivity of certain aspects of data

interpretation. This approach is appropriate when colony counts differ due only to random
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variation and dilution. In general, this assumption is met and the proposed approach

should improve the usefulness of this assay in three ways. First, by accounting for the

increased reliability of data from plates with higher numbers of cells seeded, the precision

of the SF is improved. Second, while some individuals use strict criteria for accepting or

rejecting primary data for further analysis, usually the decision is arbitrary. We propose a

method to assess data variation and select data based upon binomial probability theory.

Third, it is important to accurately reflect the variability of SF if the quality of the

experiment is to be assessed. To do so requires consideration of the variability in the

denominator (i.e. control PE), which we have done by considering the control PE aS a

separate experimental observation. It should be noted that this approach is restricted to

analysis of data obtained from one experiment. Analysis and reporting data from multiple

experiments requires a conceptually different approach and is not addressed by this report.

In general terms, the confidence one has for a particular experimental observation is

related to the number of events (in this case, the number of cells) that are being measured.

For example, there is a greater degree of confidence in the colony count measured from a

plate seeded with 1000 cells compared to a plate where only 10 cells are seeded (assuming

that the treatment condition is the same and the colonies are not overlapping). Weighting

the results from plates with higher densities is easily done by calculating the PE from the

total number of colonies counted and cells seeded in all plates used for one experimental

condition (Equations 3 and 4). In the example presented, if PE is calculated from data

provided in Figure 5.1 by averaging PE's from each plate, rather than the method

described in this paper, the results are underestimated by 2-10% compared to the PE's

shown in Figure 5.2.

A number of variables can affect the clonogenicity of cells independent of the

treatment protocol. One that became apparent to us was a deviation from the expected

colony number between various plating densities. At times, we observed that the number
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of colonies in the plate with the highest plating density contained fewer colonies than

expected. There are at least two reasons why higher plating densities may reduce colony

forming efficiency: first, larger colony numbers may affect growth if competition for

substrates occurs and second, colonies may overlap one another such that the number of

distinct colonies is reduced. While there is expected biological variation, the obvious

question is at what level does this variation exceed the probability that it occurred by

chance? The results from calculations (Equation 2) testing sequentially lower dilutions are

shown on Figure 1 in the column labeled "Z-score". For the sample data set, one six-well

plate (1 Gy, 100 cells per well) was excluded for any further analysis based on a p-value

of 0.05 (two-tailed test) as the cut-off whether to accept or reject data. The choice of 95%

was arbitrary but one that is often used in biology, and the investigator may choose the

stringency by which to analyze his/her data. We have assumed that the colonies obtained

from the lowest plating density were the least affected by the two factors listed above.

The PE of control cells is generally less than 100%, usually in the vicinity of 30 to

60%. The SF value is therefore, a normalization of the PE of treated cells based upon an

independently performed assessment of the clonogenic potential of untreated cells. It is

apparent that the control PE is not a constant, as it is usually regarded, but an experimental

observation subject to its own variation. This variation should be incorporated in the

calculation of reported experimental error relative to the SF value. The upper and lower

limits of the 95% confidence interval for the surviving fraction was determined using

Fieller's theorem (Equations 6-9) and are depicted on page 2 of the Excel spreadsheet

(cell P2, Figure 5.2). These data can be easily exported into a number of programs for

plotting (Figure 5.3).

The accuracy to which n, the number of cells plated per well, is known determines

whether binomial or Poisson probability theory is appropriate for data analysis. In assays

where n is known exactly, binomial theory is most appropriate for the calculation of the
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standard error and the 95% confidence interval (Equations 1, 2, 8 and 9). If cell

preparation will result in a Poisson distribution of numbers in each plate (e.g. when

preparing cells by serial dilutions), Poisson theory is more appropriate. In Figures 5.1

and 5.2, the same data set is analyzed using both binomial and Poisson probability theory

based equations for purposes of comparison. The Poisson-based Z-scores, standard errors

and confidence intervals varied from a binomial-based method at the lower values of n but

did not affect the decision whether to include or exclude specific six-well plates.

The method outlined above is an informative way to calculate clonogenic data with a

degree of statistical confidence using a commonly available software package. Since the

CFE assay is used widely in many experimental situations, we reasoned that standardizing

data analysis will facilitate comparison of results and hopefully encourage further use of

statistical methods leading to stronger experimental design.



Table 5.1. Z-scores for selected p-values

p-value Z-score Z-score

(one-tailed) (two-tailed)

0.1 1.28 1.65

0.05 1.65 1.96

0.025 1.96 2.24

0.01 2.33 2.58



ATETTICTTDTTEIFIGTHTTTTTKTLTTM
1 ||Experiment: NGO4-034
2

3 Sample Cells Wells Total Cell Number of Colonies ZSCOre
4 Seeded Number Binomial Poisson

5 per Well
6

7 Control 50 6 300 || 21 24 21 24 23 33 || 1.07 0.74 || Z- 1.65;
8 25 6 150 14 13 8 14 18 14 data
9 excluded

10 2
11

12
2

13 1Gy 200

14 100 6 600 || 20 15 19 15 18 19 QT)
15 50 6 300 11 10 14 11 15 14 | 1.25 1.06

16 25 6 150 6 7 7 9 9 8
17

18

19

20 2Gy 1000
21 500

22 250 6 1500 || 25 16 25 24 19 24 || -0.52 -0.50

23 100 6 600 10 9 8 6 6 10
24
25

26

27 4 Gy 5000
28 2500 6 15000 || 21 24 23 26 24 25 | 1.62 1.61

29 1000 6 6000 || 14 12 14 14 7 12| -0.35 -0.35

30 500 6 3000 5 5 3 9 5 7
31

32

33

34 6Gy 10000 6 60000 9 6 9 8 10 8| -0.17 -0.17
35 5000 6 30000 3 6 4 4 3 4 || -0.50 -0.50

36 2500 6 15000 2 0 2 2 1 3
37

38

39
40

Figure 5.1. Page 1 of an Excel spreadsheet demonstrating experimental data
and calculation of Z-scores using both binomial and Poisson probability theory.
The higher and lower plating densities were compared, and those dishes with
Z-scores > 1.65 were rejected from further analysis (in this case, only the dish
plated with 100 cells per well for the 1 Gy sample was excluded). The rows
under "Cells Seeded per Well" that do not contain any counts, i.e. 1 Gy, 200
cells per well, were plates where counting could not be done because high
plating densities resulted in confluent colonies.



N TOTP Q R S T U
1 |Experiment: NGO4-034
2 |Confidence Interval: 1.96

3 |Constant(g) for binomial: 0.00839
4

5 IB|NOMIAL PROBABILITY

6 Sample Colony estPE | Standard | Variance estSF dSF+ dSF
7 Number Error

8

9 |Control 227 0.504 0.0236|| 0.00056 1 0.0000 0.0000

1 0 |1Gy 121 0.269 0.0137| 0.00019 0.533 0.0771 0.0681
1 1 |2 Gy 182 0.0867| 0.00614|| 3.8E-05 0.172 0.0302 0.0273

12 |4 Gy 250 0.01.04] 0.00066|| 4.3E-07 0.0206| 0.0034 0.0030
13 ||6 Gy 84 0.0008, 8.7E-05 || 7.6E-09| 0.00159| 0.0004 || 0.0004
1 4

1 5

1 6

17|Constant (g) for Poisson: 0.01692
18

1 9 ||PO|SSON PROBABILITY

20 | Sample Colony estPE | Standard | Variance estSF dSF+ dSF
21 Number Error

22

23 |Control 227 0.504 0.0335|| 0.00112 1 0.0000 0.0000

24 |1Gy 121 0.269 0.0160|| 0.00026 0.533 0.1036 0.0852
25 |2 Gy 182 0.0867| 0.00642|| 4.1E-05 0.172 0.0369 0.0310

26 |4 Gy 250 0.01.04] 0.00066|| 4.3E-07 0.0206 0.0041 0.0034

27 |6Gy 84 0.0008 || 8.7E-05 || 7.6E-09| 0.00159| 0.0004|| 0.0004
28

Figure 5.2. Page 2 of an Excel spreadsheet with estimated plating efficiency
("estPE" in figure), standard error, variance, estimated surviving fraction ("estSF"
in figure) calculated using both binomial and Poisson probability theory. Upper
and lower limits of the 95% confidence interval are calculated by adding and
subtracting "dSF+" and "dSF-" from "estSF", respectively.
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Figure 5.3. Radiation survival curve for the cell line U-87-175.4. The curve was
derived from values shown in Figure 5.2 and fitted according to the linear
quadratic model: SF =e-op-90°, O. = 0.22; 3 = 0.10. The error bars represent
the upper and lower limits of the 95% confidence interval for the point estimate
using Poisson probability.



Chopter 6 COnclusion

GENERAL

Several features characterize the features of malignant cells: i) unregulated cell

proliferation, ii) metastasis, and iii) tissue invasion. Many successful cancer treatment

strategies target proliferating cells. Therefore, understanding the effect of cytotoxic agents

upon cycling cells remains an important research goal. The experimental results described

in this thesis clarify relationships between cellular injury caused by ionizing radiation or

paclitaxel, cell cycle perturbations, and cell survival.

The major conclusions reached by this study are: i) the p53 tumor suppressor gene

influences cellular response to ionizing radiation in several ways such as activation of a

dose-dependent G1 checkpoint, changes in cell cycle phase distributions, increasing

radiation sensitivity in all phases of the cell cycle and, affecting the yield of certain

chromosomal aberrations, and ii) treatment with an anti-microtubule drug (paclitaxel)

produces cell line-specific cell cycle perturbations which, in turn, influence overall cell

survival.

THE G1 CHECKPOINT

As was pointed out in the discussion accompanying Chapter 2, it has been

proposed that the function of the G1 checkpoint is to allow DNA repair prior to S phase.

The experiments described in Chapter 2 were designed to test this hypothesis. Because

cells derived from naturally occurring tumors are genetically heterogenous, isogenic cell
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lines which differ in p53 function were used. U-87 MG (the parent cell line), despite

expressing wt p53, grows rapidly and is tumorgenic.7 The wt p53 cell line transfected

with vector alone (U-87-lux.8) displays a dose-dependent G1 arrest following ionizing

radiation. This was clearly demonstrated by comparing the percentage of G1 cells that

arrest following 6 Gy (78%) versus 0 Gy (10%) (Figure 2.4). This is in contrast to cells

expressing a dominant negative p53 mutant at high levels (U-87-175.4) (227), which do

not arrest in G1 after an equivalent dose.

Generally, the yield of DNA DSBs and chromosomal aberrations parallels the dose

of ionizing radiation. For this reason, if radiation-induced DNA damage is reduced by the

presence of a G1 checkpoint, then the number of chromosomal aberrations measured at the

first mitosis following irradiation should also be reduced. As shown in Table 2.1, the total

number of aberrations scored was the same in both cell lines. Therefore, wt p53 does not

appear to provide any advantage for U-87-lux.8 cells. One caveat of this result, however,

is that while the total damage induced was the same for both cell lines, fewer U-87-lux.8

cells were collected at mitosis compared to U-87-175.4 cells. The apparent reason for this

is that the radiation-induced G1 arrest is probably permanent in these cells; a hypothesis

supported by studies using rodent derived cell lines (36) and the same cell lines used in

these experiments (227).

The reason for loss of cellular clonogenic potential is multifactorial. Chromosomal

aberrations caused by DNA mis-repair, i.e. dicentrics and ring chromosomes, are believed

to interfere with mitosis and result in failed cell division. Apoptosis and activation of the

G1 checkpoint leading to a permanent cell cycle arrest, as discussed above, may also reduce

clonogenicity. Based upon the results described in Chapters 2 and 3, there are several

7 In contrast, expressing wtp53 exogeneously in tranformed cells usually stops or slows proliferation.
This suggets that, at least in U-87 MG cells, tumorgenicity and the radiation-induced G1 checkpoint are
controlled through separate pathways.

'c.
R_*:

* ,



100

mechanisms that may account for the increased radiation sensitivity of U-87-lux.8 cells.

The most obvious is that wt p53 causes an increase in the percentage of G1 cells, a

radiosensitive phase of the cell cycle, while reducing the percentage of S phase cells, a

radioresistant phase of the cell cycle (Table 3.2). The overall radiation survival of the

cycling population is then reduced. It should be noted that wt p53 cells in all phases of the

cell cycle are more radiation sensitive compared to mutant p53 cells (Chapter 3). Another

possibility is that activation of the G1 checkpoint prevents a number of cells with genetic

damage from reaching mitosis which might otherwise retain the ability to form colonies. A

quantitative problem with this argument is that while the percentage of wt p53 cells that

arrest in G1 after lower radiation doses is small (Figure 2.4), clonogenic survival is still

substantially reduced when compared to cells with mutant p53 (Figure 2.5). In some cell

types, p53-dependent apoptosis after ionizing radiation results in decreased cell survival.

In U-87-lux.8 and U-87-175.4 cells, appreciable levels of apoptosis do not occur after

irradiation (65).

PACLITAXEL-INDUCED CELL CYCLE PERTURBATIONS

Paclitaxel stabilizes microtubules in vitro by preventing depolymerization of tubulin

subunits. As described by Jordan et al (82), microtubule dynamics are adversely affected

by lower concentrations of paclitaxel without any noticeable increase in the mass of

polymerized microtubules. At a functional level, while paclitaxel may interfere with

microtubule dynamics, cell cycle progression prior to mitosis seems normal (Figure 4.4).

Cells leave G1 and enter S at the same rate as untreated cells. Furthermore, movement into

mitosis seems to be required before most of the observed paclitaxel-induced cytotoxocity
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occurs. Non-cycling plateau phase cells, as expected, are considerably more resistant to

paclitaxel-induced toxicity than cycling cells.

As suggested by Kung et al, cell line-specific differences in cell cycle progression

may be due to faulty cell cycle checkpoints (94). From the results described in Chapter 4,

it is clear that U-251 MG cells are much more sensitive to paclitaxel than SF-126 and

U-87 MG cells. The reason for this difference is suggested by the cell cycle profiles

(Figures 4.3 and 4.6). For SF-126 and U-87 MG cells, some cells arrest in mitosis after

treatment with paclitaxel; as represented by an increase in the number of cells with G2/M

DNA content. U-251 MG cells, in contrast, continue through mitosis and fragment (due

to either paclitaxel-induced damage or vortexing of samples during preparation for flow

cytometry). If the spindle checkpoint protects cells with an abnormal spindle from entering

mitosis, its absence could greatly increase the number of inviable cells in a treated

population.

Another interesting finding is that pretreatment with paclitaxel for a shorter duration

(8 hours) may, in certain cases, increase the surviving fraction of a cycling population

from irradiation. In experiments where U-251 MG cells were treated with paclitaxel for

eight hours prior to irradiation, cell survival increased slightly compared to irradiation alone

(Figure 4.5). A transient increase in the percentage of cells which are in S phase, and also

radioresistant, that accompanies a mitotic block may account for this phenomenon. (An

increase in the S phase percentage occurs secondary to a reduction in the G1 fraction

because repopulation of G1 cannot occur from the pool of newly divided cells.) Therefore,

this observations suggests that the timing of drug treatment is critical when delivered in

combination with ionizing radiation.
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FUTURE DIRECTIONS

An intriguing observation described in Chapter 2 is that chromosome translocations

are increased following irradiation of mutant p53 G1 cells with 6 Gy. Chromosome

translocations, therefore, may be another indicator of a type of genomic instability also

regulated by p53. An important question is whether chromosome instability is accelerated

many generations after irradiation and if this is also dependent upon mutations in p53 or

other genes. Examining chromosomal aberrations extended times after irradiation and

using a variety of genetic backgrounds would address this question. In addition, studies

examining the response of human xenograft tumors which differ in p53 function will be

essential to see if findings from these experiments hold true in vivo or if they are specific

only for cells in culture.

Reportedly, p53 is also involved in a G2 checkpoint. This presents the obvious

question of what effect p53 has upon paclitaxel-induced cytotoxicity, both alone and in

combination with ionizing radiation. How these differing cell cycle effects interact is

unknown and experiments designed to investigate these interactions would provide

important information with clear clinical relevance.

The goal of the studies described in this thesis was to describe, in a well defined in

vitro system, cell cycle events that occur after treatment with agents commonly used in

patients. While predicting the response of human tumors to therapeutic agents is currently

unfeasible, understanding the events at the cellular and molecular level might serve as a

bridge from our present level of knowledge. Ultimately, the challenge for basic scientists

and clinicians is to improve the efficacy of current treatment and also develop new

strategies that will successfully address the problem of cancer. Only through a complete

understanding of the basic biology of cancer will this be possible.
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Appendix A COmments On the USe Of POClitoxel CIS C.

RCICiofion Sensitizer

The discovery of paclitaxel (Taxol" ) has generated considerable interest in its

unique mechanism of action and therefore its applicability for clinical use. It is known that

paclitaxel stabilizes microtubules by binding to tubulin heterodimers resulting in abnormal

formation and function of organelles such as the mitotic spindle (37, 82). Recognition that

cells treated with paclitaxel tend to arrest in mitosis led to the reasonable assumption that a

second agent that could affect mitotic cells selectively might improve the therapeutic

efficacy of paclitaxel. Radiation is, of course, such a agent since the cell age response of

mammalian cells is well described (180). The cell cycle age response reflects differences in

radiation sensitivity depending on which phase of the cell cycle radiation is delivered;

typically cells in late G1 and M are most sensitive.

After reading several recent reports which identified paclitaxel as a radiation

sensitizer we became concerned by the imprecise use of nomenclature that might lead to

improper assumptions by other readers (26, 45, 104, 188, 189, 202, 203). While some of

these papers have used the terms sensitizer and enhancer appropriately, others have not

been as careful. To avoid any confusion we would like to remind those interested in this

field that a convention exists with respect to the terminology of drug/radiation interactions

(186, 187). It is stated that for agents to be labeled as radiation sensitizers there must be

little or no toxicity at the doses employed. The distinction is most important for those who

might interpret the use of the term sensitizer to indicate an agent that has minimal

cytotoxicity yet possesses a significant ability to augment the effect of radiation; thereby
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leading to inaccurate assumptions concerning its potential use clinically. The rationale for

carefully using the term sensitization vs. enhancement rests with the belief that it should be

clear whether the agent being studied affects the biological system when used by itself.

It is evident that paclitaxel is a highly effective chemotherapeutic agent used by itself

in vitro and in certain clinical situations. Indeed the cytotoxicity of paclitaxel in vitro is

usually in the nanomolar range. It is clear from published reports with the drug

concentrations used to study this agent in combination with radiation, anywhere from 50%

to >99% of treated cells lose clonogenic potential prior to irradiation. This degree of

cytotoxicity certainly does not allow paclitaxel to be classified as an "inactive" agent. While

there is no reason to contest the fact that paclitaxel can act as a radiation enhancer in some

systems, we believe that convincing proof of its use as a radiation sensitizer requires

studying drug concentrations that carry a lesser degree of toxicity. Recent data from our

group and others indicates that paclitaxel concentrations resulting in minimal cytotoxicity do

not cause radiation sensitization (191).

The question of inherent drug toxicity raises leads us to question the assumption

that enhanced radiation cell killing is a result of accumulation in G2/M (the sensitive phase

of the cell cycle). Since paclitaxel cytotoxicity is believed to result from aberrant mitosis,

then loss of clonogenicity from paclitaxel alone of the magnitude reported above (>50%), is

likely to preferentially eliminate viable cells at the G2/M boundary. This would leave those

cells that are in other phases of the cell cycle to account for the observed radiation

enhancement. It may be that cells arrested at mitosis are merely held at this point free to re

enter the cell cycle once paclitaxel is removed or metabolized. This viewpoint leads to the

question of which cells then, i.e. in which phase of the cell cycle if any, are dying as a

result of paclitaxel treatment. Determining answers will require definition of the sensitivity

of individual phases of the cell cycle in addition to careful cytokinetic studies. Exploration
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of these and other interesting issues should lead to a clearer understanding of how

paclitaxel and radiation interact at the cellular level.

Nalin Gupta, M.D.

Dennis F. Deen, Ph.D.

Brain Tumor Research Center

Department of Neurological Surgery

University of California San Francisco

San Francisco, CA 94143-0520

(This appendix was originally published as a letter to the editor in The International Journal

of Radiation Oncology Biology Physics, vol. 33, p. 239, 1995.)
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What they undertook to do

They brought to pass;

All things hang like a drop of dew

Upon a blade of grass.

Gratitude to the Unknown Instructor
W.B. Yeats
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