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Abstract

This thesis examines in vitro irradiated blood samples from prostate cancer 

patients exhibiting late normal tissue damage after receiving radiotherapy, for 

lymphocyte response. Chromosomal aberrations, translocations and proliferation rate are 

measured, as well as yH2AX response in lymphocytes and lymphocyte subsets. The goal 

of this thesis is to determine whether the lymphocyte response to in vitro radiation could 

be used as a marker for radiosensitivity.

Patients were selected from a randomized clinical trial evaluating the optimal 

timing of Dose Escalated Radiation and short course Androgen Deprivation Therapy. Of 

438 patients, 3% developed Grade 3 late radiation proctitis and were considered to be 

radiosensitive. Blood was drawn from 10 of these patients along with 20 matched 

samples from patients with grade 0 proctitis. The samples were irradiated and were 

analyzed for dicentric chromosomes, excess fragments and proliferation rates (at 6 Gy), 

translocations, stable and unstable damage (at 4 Gy), and dose response (up to 10 Gy), 

along with time response after 2 Gy (0 -  24 h). Chromosome aberrations, excess 

fragments per cell, translocations per cell and proliferation rates were analyzed by 

brightfield and fluorescent microscopy, while the yH2AX response in lymphocytes and 

lymphocyte subsets was analyzed by flow cytometry.

Both groups were statistically similar for all endpoints at 0 Gy. At 6 Gy, there 

were statistically significant differences between the radiosensitive and control cohorts 

for three endpoints; the mean number of dicentric chromosomes per cell, the mean 

number of excess fragments per cell and the proportion of cells in second metaphase. At



4 Gy, there were statistically significant differences between the two cohorts for three 

endpoints; the mean number of translocations per cell, the mean number o f dicentric 

chromosomes per cell and the mean number of deletions per cell. There were no 

significant differences between the yH2AX responses of the groups for either the dose or 

time course as measured with flow cytometry.

Six cytogenetic endpoints, measuring chromosomal aberrations, demonstrated a 

strong correlation with radiosensitivity and should be studied further as markers of 

radiation response. These results will contribute to the search for an indicator for 

identifying radiosensitive patients and for tailoring radiotherapy treatments.



Preface

This thesis contains three manuscripts, described below, which, taken together, 

investigated the lymphocytes of prostate cancer patients for a biomarker of radiation 

sensitivity. The prostate cancer patients were chosen from a clinical trial as those who 

exhibited severe late normal tissue effects after radiotherapy treatments. These patients 

were matched by a control group of prostate cancer patients, chosen from the same 

clinical trial. The blood samples from each patient were aliquoted into separate volumes 

for each o f three experiments; the dicentric chromosome assay (DCA), the fluorescent in 

situ hybridization (FISH) assay and the phosphorylated histone (yH2AX) assay. Each 

manuscript describes one of these experiments, and is presented as a chapter of this 

thesis.

Chapter 1 presents an introduction to radiosensitivity, as well as background 

information about the research that has previously been done on the subject.

Chapter 2 includes additional background details about lymphocytes and the 

different experiments performed. This information is intended to present more detailed 

methods in addition to the descriptions in each paper’s Materials and methods section.

Chapter 3 contains the manuscript entitled “Chromosome damage and cell 

proliferation rates in in vitro irradiated whole blood as markers o f late radiation toxicity 

after prostate radiotherapy”, accepted for publication in the International Journal of 

Radiation Oncology. Biology. Phvsics (IJROBP) (September 23rd, 2012). The manuscript 

has been edited from the published version following revisions requested by examiners at 

the defense (December 10th, 2012).



Chapter 4 contains the manuscript entitled “Investigating chromosome damage 

using fluorescent in situ hybridization to identify biomarkers o f  radiosensitivity in 

prostate cancer patients”, as submitted to the UROBP (November 19th, 2012).

Chapter 5 contains the manuscript entitled “Investigating yH2AX as a biomarker 

o f radiation sensitivity using flow cytometry methods”, as submitted to Radiology 

Research and Practice (November 4th, 2012). There is an additional section at the end of 

the chapter which contains experimental results which were not included in the paper due 

to word limitations.

Chapter 6 presents a discussion of the discriminant analysis of the three 

experiments, and includes a discussion of the limitations of the data set.

Chapter 7 presents a general discussion of the results of each experiment, as well 

as a discussion of future work with regards to biomarkers of radiation sensitivity.

Note that for consistency, the references have been unified throughout the thesis 

and are listed at the end of the thesis.
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1. General Introduction

1.1 Radiosensitivity

Interpatient heterogeneity in normal tissue response to radiation varies widely and 

is an ongoing challenge to radiotherapy treatment regimes. There is a need to balance the 

eradication of the tumour with the protection (or minimization of damage) of healthy 

tissue; this balance is the key to radiotherapy treatments. Ionizing radiation doses are 

limited to minimize normal tissue toxicity (both acute and chronic effects), and the daily 

fractionated dose is based on the average response of patients in general [1-3]. Despite 

the best efforts in planning, one treatment does not suit every patient: some patients 

continue to have more severe adverse effects, and the development of a biomarker of 

radiation sensitivity would allow for the personalization of individual radiotherapy plans.

1.1.1 Radiosensitive diseases and individual radiosensitivity

An often cited example of radiosensitive disease is ataxia telangiectasia (AT); a 

multisystem syndrome with numerous clinical characteristics, one of which is severe 

radiation sensitivity. The discovery of the gene leading to this syndrome, ataxia 

telangiectasia, mutated (ATM), led to a much greater understanding of not only the 

disease, but also of the molecular response to DNA damage. ATM is critical in the signal 

cascade that responds to DNA double-strand breaks (DSBs). McKinnon published a 

review of ATM and AT in 2004 [4] which describes both the disease, and the 

implications to cellular DNA damage response that results from the gene mutation. 

Similarly, other radiosensitive diseases, such as Severe Combined Immunodeficiency

1



Disease (SCID) [5], Nijmegan Breakage Syndrome (NBS) and Fanconi Anemia (FA) [6] 

have provided insights into, among other things, genetic mutations and DNA repair 

pathways.

Patients with AT, SCID, NBS and FA experience severe normal tissue toxicity 

from typical radiation doses used for radiotherapy. While these diseases are at the 

extreme end of a radiosensitive response, otherwise apparently healthy patients also 

exhibit a varying response to similar treatments [7;8]. While some variation is not 

unexpected, due to the random nature of radiation injury, it is a long-held belief that 

much of the variation is due to a patient's individual radiosensitivity [9], The results of a 

2002 study by Raaphorst et al. [10] suggested that there was an underlying genetic 

radiosensitivity in the arterial venal malformation (AVM) patients studied. As well in 

2002, Andreassen et al. [11] came to similar conclusions, encouraging large-scale 

international studies to identify the genetic basis of individual radiosensitivity.

1.2 Radiation Effects on DNA

Ionizing radiation acts on a biological target either directly, by ionizing the target 

atoms themselves, or indirectly, by the production o f free radicals, which subsequently 

damage the target. DNA is believed to be the primary target for the biological effects of 

ionizing radiation. Stone et al. [1] provide a review of the effects of radiation on normal 

tissue, and Denham and Hauer-Jensen [12] provide a review of organized normal tissue 

responses during and after radiation therapy, the effect o f radiation therapy on the 

responses. The following sections, 1.2.1-3 describe DNA damage, DNA repair and the 

resulting chromosome damage in more detail.
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1.2.1 DNA damage: single- and double-strand breaks

DNA has a well-known double-helix structure, consisting of two strands of sugar 

moieties and phosphate groups, interconnected by pairs of complementary bases (adenine 

and thymine, guanine and cytosine). When exposed to ionizing radiation, these strands 

can be broken, directly or indirectly. In healthy DNA, a single-strand break (SSB) is 

relatively inconsequential, since the complementary base provides a template for the 

DNA repair mechanism. Conversely, if two SSBs are in close proximity (separated by no 

more than a few base pairs), these may result in what is called a double-strand break 

(DSB). In reality, the damage can be quite complicated, potentially made up of complex 

breaks encompassing base damage as well as DSBs (known as locally multiply damaged 

sites (LMDS)). It is a much more complex process to repair a DSB or LMDS as 

compared to an SSB, and DSBs in chromosomes are considered to be critical to genomic 

stability [13;14],

1.2.2 DNA repair: mechanisms and pathways

1.2.2.1 Introduction to DNA repair

DNA damage occurs in somatic cells on a regular basis, from both radiation and 

chemicals. In general, the cell is well-equipped with multiple, complex mechanisms to 

repair the DNA damage. It is unrepaired or misrepaired damage that leads to cell death or 

mutation. When a cell dies, it is reabsorbed into the surrounding environment, but 

mutations may lead to alterations or impairments of cellular function, which could in turn 

lead to systemic issues such as carcinogenesis or late normal tissue reactions.
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Simple damage, such as a SSB, is readily repaired as the opposing DNA strand 

acts as a template. Two such mechanisms are base excision repair and nucleotide excision 

repair. More complex damage, such as DSBs or LMDS, lack a corresponding template, 

and are considered to be especially genotoxic [15]. There are two major repair pathways: 

homologous recombination (HR) and nonhomologous end joining (NHEJ). These two 

pathways will be briefly described in sections 1.2.2.2 and 1.2.2.3.

1.2.2.2 Homologous recombination (HR)

HR is considered to be an error-free mechanism for the repair of DSB [16]. The 

mechanism is most active through the late phase of DNA synthesis and into the G2 phase 

of the cell cycle when the sister chromatid is present [17], The sister chromatid provides a 

matching template for the repair of the broken strands. The final result is two intact 

copies of the DNA.

1.2.2.3 Non-homologous end joining (NHEJ)

Compared to HR, NHEJ is known to be inaccurate and prone to misrepair leading 

to mutations [17]. The NHEJ pathway is also active during all phases of the cell cycle 

[18]. NHEJ is capable of joining the broken ends of DNA directly, even in the absence of 

a homologous DNA sequence. But it is this capability that often leads to misrepair: the 

genome is only properly repaired if the matching ends are correctly rejoined. If the ends 

do not match, they are first resected before being re-ligated. Resection o f the broken ends 

of the DNA can lead to small alterations in the genome. If there are very few strand 

breaks, there is a higher probability that the original ends will be reattached, but in the
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presence of a DSB-causing agent such as ionizing radiation, the probability drops, as 

more DSBs are formed.

1.2.2.4 Summary o f DNA repair mechanisms

It is still unknown how cells determine which of these two pathways to use to 

repair complex damage. A recent study by Mladenov and Iliakis [19] suggest that the 

cells are programmed to preferentially utilize the NHEJ pathway. The authors also 

suggest that when the NHEJ pathway is compromised, alternative NHEJ pathways are 

utilized, rather than HR. Regardless, it is clear that DNA repair mechanisms play an 

important role in genomic stability. If there are genetic defects in either of the pathways, 

there would be subsequent chromosome instability, as evidenced by chromosomal 

aberrations [17]. The details of DNA repair mechanisms are beyond the scope of this 

thesis, but it is important to note their underlying significance and the role that they have 

in chromosomal aberrations.

1.2.2.5 H2AX background

A DSB triggers a cascade of biochemical processes, one of the first of which is 

the phosphorylation of H2AX (yH2AX). DNA is wrapped around proteins known as 

histones in order to form nucleosomes in chromosomes. There are five major classes of 

histones known as HI, H2A, H2B, H3 and H4. H2AX is an electrophoretic iso form of 

H2A, and is believed to be directly involved in the efficient recognition and repair of 

DSBs [20], Celeste et al. [21] proposed that yH2AX, while not the primary signal for 

DSB repair complexes, concentrated proteins in the vicinity of the DSB. Two ideas put
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forth by Femandez-Capitello et al. [22] proposed that yH2AX increases the likelihood of 

assembling a functional repair complex, as well as preventing the premature separation of 

broken ends, potentially safeguarding the possibility of tumorigenic chromosome 

rearrangements. Rogakou et al. [23] determined that yH2AX is detectable within minutes 

of the induction of damage, and that the amount of phosphorylation amplifies to a plateau 

within an hour and is proportional to the dose of ionizing radiation.

Since the discovery of yH2AX, a phospho-specific anti-yH2AX antibody has been 

developed which allows the visualization of yH2AX foci. Using this antibody, Rogakou 

et al. [24] determined that the yH2AX foci were adjacent to DSB sites. Furthermore, 

Sedelnikova et al. [25] found that there was a one-to-one correlation between the 

presence of a yH2AX focus and a DSB. Several detailed reviews have been published 

about yH2AX and the characteristics of foci formed at DNA DSBs [26;27].

1.2.3 Chromosome damage

1.2.3.1 Chromosome Structure

Over the course of a cell cycle, a cell goes through a number of different stages. 

For the most part, DNA is found unwound in the nucleus during a phase known as 

interphase, a part of which is the synthesis phase during which the chromosome material 

is duplicated (synthesized). There are also two gap phases, the first known as Gi, a 

presynthetic gap which occurs before synthesis, and the second known as G2, a 

postsynthetic gap. After G2 phase, the chromatin begins to condense; the DNA double 

helix is folded and packed into very tight coils until it eventually forms a metaphase 

chromosome. Figure 1-1 illustrates a classic schematic for the organization of a
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metaphase chromosome, adapted from Alberts et al. [28]. Once fully condensed, a 

metaphase chromosome has a well characterized appearance, with a constriction known 

as a centromere, with p- and q-arms extending from the centromeres, as shown in the 

mitotic chromosome of figure 1-1. Conventional study of chromosome aberrations is 

generally done with metaphase chromosomes, where the structure of the chromosome can 

be visualized.
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Figure 1-1: Stylized schematic of DNA structure and the compaction levels, ranging from 

the DNA double helix to the mitotic chromosome, adapted from Alberts et al. [28], Also 

labelled are the nucleosomes, which are proteins around which the DNA is wrapped, a 

chromatid, as well as the centromere, the constriction where the two chromatid arms 

meet, and the p- and q- arms (the shorter and longer arms, respectively) of the chromatid.
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1.2.3.2 Radiation-induced chromosome aberrations

As previously discussed, exposure to ionizing radiation may result in DNA DSBs. 

With respect to the structure of the chromosome, DSBs can result in chromosome breaks. 

If the DSB is properly repaired, there remains no visible damage, but if the breaks are 

either misrepaired, or not repaired at all, this can result in a chromosome aberration.

There are different types of chromosome aberrations, and those relevant to this 

thesis are described below. Chromosome aberrations can be classified as either stable or 

unstable damage. If the damage is unstable, it is considered to be lethal, as the cell should 

be unable to divide. Unstable damage includes dicentric chromosomes, rings and the 

associated acentric fragments. Stable damage involves chromosome aberrations that do 

not lead to reproductive cell death but could lead to mutations, and includes 

translocations, deletions, insertions and inversions. Figure 1-2 schematically illustrates 

assorted configurations of chromosome damage. When two chromosomes, each with a 

DSB, are misrepaired and the two centric fragments rejoin while the two acentric 

fragments rejoin, the result is a dicentric chromosome and an associated acentric 

fragment. If a single chromosome has a DSB in each arm, the sticky ends of the arms 

might attach to each other, while the leftover acentric fragments join together. This would 

result in a centric ring and acentric fragment. It is also possible to have the formation of 

acentric rings. A translocation occurs in chromosomes, each with a DSB, when the 

broken ends are swapped. A deletion occurs when two DSBs occur in the same arm of a 

chromosome and the end of the chromosome reattaches to the centric part of the 

chromosome, leaving out a small piece of chromosome material. An insertion occurs if 

there is a deletion in one chromosome which is subsequently inserted into the cut of a
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second chromosome, again caused by a DSB. An inversion occurs when a chromosome 

suffers from multiple DSBs and is rearranged end-to-end with itself. There are different 

ways of visualizing stable and unstable damage, and these assays will be discussed in 

Chapter 2: Background Information.
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Figure 1-2: Schematic illustrating assorted configurations of chromosome aberrations. To 

the left of the line the initial chromosome configurations illustrate chromosomes in a pre

synthesis phase (Go or Gi phase), and assume irradiation damage and misrepair occur 

prior to synthesis. Damage that occurs during or post-synthesis (S or G2 phase) results in 

chromatid type aberrations and are not illustrated.
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1.3 Predictive Assays

In order to properly identify a biomarker, there must be a correlation of cellular 

radiosensitivity to clinical effects. Numerous studies have investigated a variety of 

endpoints in an effort to find a reliable biomarker of radiosensitivity. The clonogenic 

assay, a measurement of colony formation, has historically been the standard for 

measuring cellular survival, but more recently, other assays investigating chromosome 

damage, DNA damage and genetic response are also being pursued. Some of the studies, 

as described below, showed mixed results.

1.3.1 Skin Cells

Much effort has been devoted to using skin cells, both fibroblasts and 

keratinocytes, as markers of radiosensitivity. Burnet et al. [29] did some early work on 

fibroblast sensitivity with clonogenic cell survival assays (SF2) and found some 

correlations to acute effects. Geara et al. [30] looked at SF2 and found a highly significant 

correlation with the maximum grade of late effects but found no significant correlation 

between fibroblast radiosensitivity and maximum grade of acute effects or between 

lymphocyte radiosensitivity and either acute or late effects. Two studies by Kiltie et al. 

[31 ;32] found mixed results. The first, examining keratinocytes of previously treated 

breast cancer patients using Pulsed Field Gel Electrophoresis (PFGE) to measure DNA 

damage showed no correlation with the severity o f late normal tissue reactions. The 

second similar study, studying fibroblasts from breast cancer patients using PFGE, found 

a relationship between residual radiation-induced DNA damage in fibroblasts and the 

severity of the late normal tissue damage. Conversely, Peacock et al. [33], who also
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investigated fibroblast radiosensitivity with SF2 assays in breast cancer patients, found no 

significant correlations. In addition, Brock et al. [34] studied the correlation between 

fibroblast radiosensitivity with SF2 and the degree o f acute or late normal skin damage 

after radiotherapy (for breast cancer); the results suggested a partial dependency on 

intrinsic cellular radiosensitivity but the relationship was ambiguous. They did note a 

trend toward correlation between fibroblast SF2 and the clinical response pertaining to the 

late skin reactions only.

1.3.2 Lymphocyte apoptosis

In 1999, examining lymphocyte response to in vitro radiation as a predictor of 

radiosensitivity, Crompton et al. [35] found that hypersensitive patients (post-treatment) 

had significantly less radiation-induced apoptosis as compared to the average age- 

matched donors. In addition, they also found that a group of 9 ataxia telangiectasia 

patients had even less radiation-induced apoptosis. Barber et al. [36], in a comparative 

study involving apparently normal individuals, as well as AT homo- and heterozygotes 

and breast cancer patients exhibiting a range of late side effects, treated in the previous 8- 

13 years, found no correlation of rates of apoptosis with the severity of breast fibrosis, 

retraction or telangiectasia. They put forth the possibility that the reduced rate of 

apoptosis observed in the breast cancer cases may be associated with genetic 

predisposition towards breast cancer, but concluded that lymphocyte apoptosis assays 

were unlikely to be of use in predicting normal tissue tolerance to radiotherapy.

Wilkins et al. [37] found that the ratios of lymphocyte subpopulations had an 

effect on the apoptotic response of human lymphocytes, which might be linked to
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radiosensitivity. A large prospective study by Ozsahin [38] examined blood samples from 

399 curatively irradiated patients and concluded that radiation-induced T-lymphocyte 

apoptosis after 8 Gy in vitro radiation could significantly predict late normal tissue 

toxicity. Moreover, Schnarr et al. [39] found similar results, noting that after 8 Gy in vitro 

radiation, lymphocyte apoptosis had the potential to predict which patients would be 

spared late normal tissue toxicity after radiotherapy. Henriquez-Hemandez et al. [40] 

studied the inverse relationship between initial DNA damage and radiation-induced 

apoptosis and proposed that patients with lower levels of DNA damage, combined with 

higher levels of radiation-induced apoptosis, were at low risk of suffering from late 

normal tissue toxicity.

1.3.3 Lymphocyte response

Other studies, such as those of Hoe Her et al. [41], Borgmann et al. [42] and Chua 

et al. [43], have examined the response of lymphocytes to in vitro radiation for 

correlations with late normal tissue toxicity, with some promising results.

As will be discussed in Chapters 3 and 5, Chua et al. [43] found significant results 

correlating DNA residual damage and chromosomal damage to late normal tissue toxicity 

in breast cancer. Hoeller et al. [41] also found significant results when comparing 

lymphocyte response to risk of fibrosis after radiotherapy in breast cancer patients.

While Bourton et al. [44] found a significant correlation between residual yH2AX 

response and the severity of late normal tissue toxicity in an patients with a variety of 

cancer types, two studies by Werbrouck et al. [45;46], examining the yH2AX response in 

isolated T-lymphocytes, from gynaecological and head and neck cancer patients
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respectively, concluded that the scoring of yH2AX foci after in vitro radiation did not 

correlate with late normal tissue complications. They did find a correlation between the 

G2 chromatid break assay and late clinical radiation sensitivity. For more information 

about the G2-assay, chromatin dynamics and cell-cycle dependencies, see a review by 

Terzoudi et al. 2011 [47]. A proposed standardized G2-assay is described by Pantelias 

and Terzoudi [48]

1.3.4 Other assays

Banath et al. [49], investigated the yH2AX response in irradiated cervical cancer 

cell lines, and suggested the possibility that cell line-dependent differences in the loss of 

yH2AX after irradiation were partially related to intrinsic radiosensitivity.

Much research has also been done with molecular biology such as with serum 

markers, single nucleotide polymorphism association studies and gene expression [50- 

53]. These studies are also limited by both size and by inclusion of patients with different 

side effects (toxicities). The scope of these studies is beyond that of this thesis, but for 

more information, West et al. [54] published a review regarding ongoing worldwide 

initiatives with respect to banking of tissues and adverse event reporting. West et al. 

highlight a number of ongoing studies investigating molecular profiles that might predict 

patient response to radiotherapy, and report on a European Society for Therapeutic 

Radiology and Oncology (ESTRO) project (GENEPI -  GENEtic pathways for the 

Prediction of the effects of Irradiation). Given the difficulty in acquiring an appropriate 

sample size in a given clinical trial to make conclusive statements, the collection of
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information in a shared database such as GENEPI will help establish more robust assays 

[55].

GENE-PARE (GENEtic Predictors of Adverse Radiotherapy Effects), described 

by Ho et al. [56] is another example of a biorepository made up of frozen lymphocytes 

and DNA isolated from patients treated with radiotherapy which aims to help predict 

markers for the development of adverse effects after radiotherapy.

Finnon et al. [57] recently published a study examining the correlation of in vitro 

lymphocyte radiosensitivity and gene expression with late normal tissue reactions in 

patients who had undergone curative breast cancer radiotherapy. After studying several 

endpoints (gene expression, apoptosis, residual DNA DSBs as measured by residual 

yH2AX signal, as well as chromosomal damage as measured by the G2 assay and the 

micronucleus assay), the authors concluded that despite significant inter-sample 

variation, sensitive patients could not be distinguished from controls.

1.4 THESIS STATEMENT

1.4.1 Thesis statement

The hypothesis of this thesis is that chromosome aberrations and yH2AX response 

in lymphocytes and lymphocyte subsets can provide one or more biomarkers o f radiation 

sensitivity.

This thesis consists of three studies comparing the in vitro radiosensitivity of 

lymphocytes from patients treated in the above mentioned clinical trial exhibiting grade 3 

late radiation toxicity with the lymphocytes from patients with minor or no late radiation 

side effects.
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The primary goal of the three studies was to examine lymphocytes of the patients 

mentioned above in order to identify one or more biomarkers of radiosensitivity. The 

biomarkers(s) of radiosensitivity could be used in a predictive assay for radiation 

response in order to identify patients for whom conventional radiotherapy would be 

detrimental. These patients could then be considered for a reduced dose or an alternative 

therapy to radiation.

1.4.2 Collaboration with the Ottawa Hospital Cancer Center

The studies involved in this thesis were part of a collaboration with Dr. Shawn 

Malone at The Ottawa Hospital Cancer Center, who provided access to patients from the 

clinical trial “A Randomized Phase III Trial o f Optimal Sequencing of Hormone Therapy 

and Radiation Therapy in Patients with T1-T3 Prostate Cancer”. The clinical trial began 

in 2001 and was designed to evaluate the optimal sequencing of radiation therapy and 

hormonal therapy in the treatment of patients with carcinoma o f the prostate and has been 

approved by the Ottawa Hospital Research Ethics Board (and Health Canada). The main 

objective of this clinical trial is to assess the optimal timing of radiotherapy on various 

clinical outcomes. Complications of prostate cancer radiotherapy include gastro

intestinal, urinary and sexual side effects. From the study cohort of 438) patients, 13 were 

identified as having Grade 3 late rectal toxicity as measured using the RTOG/EORTC 

late toxicity scale [58]. See Appendix A for a copy of the toxicity scale.
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1.4.3 A note on prostate cancer

Prostate treatments generally include 3D conformal planning, and often involve 

escalated radiation doses. Different radiotherapy treatment regimens include 

brachytherapy (where a radioisotope is inserted into the tumour tissue) and external beam 

therapy. External beam therapy might also include image-guided radiation therapy 

(IGRT), where multiple images are acquired throughout the treatment to track the 

tumour. The use of IGRT allows for improved accuracy in the delivery of ionizing 

radiation while at the same time providing improved sparing of the normal tissue [59]. 

External beam therapy also allows for alternative fractionation schemes, one of which is 

known as hypofractionation, where higher radiation doses are delivered in fewer fractions 

over the course of treatment [60]. The use of alternative fractionation schemes, some of 

which are considered to be more aggressive, might affect the incidence o f acute and late 

normal tissue reactions [61 ;62].

Thorough planning goes into the treatment protocol to minimize the volume of 

normal tissue irradiated by high doses. Some of the normal tissues at risk during prostate 

radiotherapy treatments are bladder, anterior rectum and the prostatic urethra. Gardner et 

al. [63] studied the long-term normal tissue response after high-dose conformal prostate 

treatments. They reported that treatment was followed by a high rate of low grade rectal 

bleeding but a low rate of grade 2 or higher gastrointestinal morbidity.
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1.4.4 Ethical considerations

The studies included in this thesis were approved by The Ottawa Hospital 

Research Ethics Board and Health Canada’s Research Ethics Board, adhering to the 

principles of the Tri-Council Policy Statement Ethical Conduct for Research Involving 

Humans (TCPS); informed consent was granted by patients to the clinical trials staff at 

the Ottawa Hospital and participation in the study did not affect their treatment (which 

occurred at least a year prior to participation in the study). The anonymity of donors was 

maintained during the study, and only after completion of the studies was more 

information provided about the average patient characteristics.
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2. Background Information

2.1 Human lymphocytes

2.1.1 The make-up of a venous blood sample

When a venous blood sample is taken from an individual, this whole blood 

contains a varied mixture of red blood cells, plasma and white blood cells. Only the white 

blood cells (leukocytes) contain a nucleus and DNA material. Within these leukocytes, a 

subset of cells called human peripheral lymphocytes (lymphocytes) is of particular 

interest for biodosimetry and our studies.

The concentration of lymphocytes in a blood volume varies between individuals, 

but the normal range is considered to be 4.0-10.0 xlO6 lymphocytes per mL. The 

lymphocytes themselves are made up of two types of cells, B and T cells, which can be 

further differentiated into subtypes, for example, CD4 and CD8 T cells and CD 19 B cells. 

These subtypes can further be subcategorized, but for the purposes of this thesis, we will 

focus only on the CD4, CD8 and CD 19 subtypes.

2.1.2 Persistence of damage

It should also be noted that lymphocytes can be long-lived. Lymphocytes with 

unstable damage have been shown to live on average between 22 weeks to 3.5 years. 

Lymphocytes with stable damage can live an average of 20 years [64]. Thus it is not 

unexpected to find a small level of background damage in blood samples taken from 

patients who have been exposed to high doses of radiotherapy treatments.
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2.2 Experimental techniques to detect DNA damage

While the methods for each study are described in the appropriate chapter, the 

following sections include background information and more detail about the methods 

where it is missing in the manuscripts.

2.2.1 Dicentric Chromosome Assay

The dicentric chromosome assay (DCA) is well-established as a method to score 

the number of dicentric chromosomes in a patient sample. The assay is often used for 

biodosimetry, as it provides a very accurate measurement of dose received by an 

individual [65].

2.2.J. 1 Whole blood culture

For all experiments, venous blood samples were drawn into lithium-heparinized 

vacutainers to avoid in vitro coagulation. Upon receiving the patient samples, blood was 

aliquoted into 1.7 mL samples, and irradiated with 6 Gy. After irradiation, the samples 

were incubated at 37°C on a rocker for 2 hours, and then 1.5 mL of each sample were put 

into culture. Typical culture conditions require culture medium, serum, a stimulant and a 

blocking agent.

Different culture media are available for lymphocyte culture, and are well 

characterized. For our experiments, Roswell Park Memorial Institute medium (RPMI- 

1640) was used. The medium was supplemented with L-glutamine and the antibiotics 

penicillin and streptomycin (the combined L-glutamine and antibiotics (lx  concentration,
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2 mM) were added at 1% final volume). Fetal bovine serum (FBS) (15% final volume) 

was also added to the culture medium to provide nutrients to the cells.

Phytohaemagglutinin (PHA) was added to the culture medium, at a volume of 

1.8% in flask, as a stimulant. Lymphocytes are generally found in a quiescent phase (also 

called the Go phase or resting phase), and need to be stimulated to undergo in vitro 

mitosis. PHA has been shown to act as a stimulant for lymphocytes to undergo mitosis 

[66]. Note that of the two types of lymphocytes, B and T cells, it is the T cells, 

particularly the CD4 and CD8 subtypes that are stimulated by PHA [67],

Bromodeoxyuridine (BrdU) was also included in the DCA cultures (at 5 pg/mL in 

flask), which allowed for fluorescence plus Giemsa (FPG) staining. BrdU is an analogue 

for thymidine, one of the base pairs o f the DNA. The analogue is taken up in replicating 

DNA resulting in one strand of each chromatid of the chromosome containing BrdU. If, 

after first mitosis, the cell goes through a subsequent replication in the presence of BrdU, 

the chromosome will then contain one chromatid with both strands of DNA containing 

BrdU while the DNA in the other chromatid will only contain one BrdU labelled strand. 

The chromosomes will then present with harlequin staining when stained with Giemsa; 

this is used to visualize chromosomes in first or second metaphase (Ml with uniform 

staining or M2 with harlequin staining respectively) [68]. Figure 2-1 is an example of 

harlequin staining.
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Figure 2-1: Example of FPG staining, with (a) monochrome staining of a first metaphase 

spread and (b) harlequin staining of a second metaphase spread. Spreads were captured at 

lOOOx magnification on a Metafer Slide Scanning System (Metasystems Group Inc.,

Watertown MA).

2.2.1.2 Mitotic arrest

After 44 h of incubation at 37°C, Colcemid (final concentration of 0.10 pg/mL) 

was added to the culture, and the samples left to incubate another 4 h. By adding 

Colcemid to the cultures, most cells are arrested in first metaphase, and therefore only a 

small fraction has entered second metaphase. After the full 48 h incubation time, the cells 

were mixed and transferred to 15 mL polypropylene tubes. The samples were centrifuged 

at 200g for 8 minutes.
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2.2.J.3 Hypotonic shock and soft fixation

After centrifugation, the medium was aspirated, leaving approximately 2 mL in 

the tube, and the pellet resuspended. 10 mL of hypotonic solution (0.075 M KC1, at room 

temperature (RT)) was slowly added to the tubes, and mixed twice by inversion. The 

samples were left to incubate for 12 minutes at RT, inverted to mix again, and then 2 mL 

of freshly prepared Modified Camoy’s (3 methanol: 1 acetic acid) fixative was slowly 

added so the fixative was layered on top of the hypotonic solution. The samples were 

mixed by inversion, and left to incubate 10 minutes at RT. They were centrifuged at 200g 

for another 8 minutes.

2.2.1.4 Fixation and washes

The aspirate-fix-incubate-spin process was repeated twice again. After the fourth 

centrifugation, the supernatant was aspirated, leaving behind approximately 0.5 mL. The 

pellet was resuspended and 10 mL of fresh fix added to the cell suspension and mixed by 

inversion. The samples were then placed in the -20°C freezer until slide preparation.

2.2.1.5 Slide preparation

From the freezer, samples were centrifuged at 200g for 8 minutes. Most of the 

fixative was aspirated, leaving approximately 0.5 mL, and the pellet resuspended.

The slides were prepared using a Hanabi Metaphase Spreader (ADSTEC- 

HANABI, Funabashi-city, Japan). The slides were placed on the Hanabi cassette and 

warmed for approximately 5 minutes. When the internal environment settings of the 

Hanabi were ready, 15 pL of cell suspension sample was dropped onto the slide through
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a window on the top. The window was closed and the Hanabi set to dry. Once dry, the 

slides were moved to a slide warmer at 37°C. The slides were checked for optimal 

spreading and metaphase concentration by examining them under an inverted light 

microscope. The concentration of the cell suspension was adjusted as required by the 

addition of fresh fix if the concentration o f metaphase cells was too high, or else by 

centrifugation and aspiration of the excess fix if the concentration of the cells was too 

sparse.

2.2.1.6 Fluorescence plus Giemsa staining

Prior to Fluorescence Plus Giemsa (FPG) staining [69], prepared slides were 

warmed on a slide warmer at 37°C. As well, the Giemsa stain (Harleco Original Giemsa 

formulation) was filtered with Whatman #1 filter to avoid stain debris on the slides.

The slides were stained by immersion for 2 minutes in Hoechst 33258 (20 pg/mL) 

in a covered Coplin jar. Run-off liquid was blotted, the slides place on a 60°C slide 

warmer, flooded with 0.6 M Na2HP0 4  (pH 9) and a cover slip was applied. The slides 

were incubated under 365 nm UV light at a height of approximately 8 cm for 8 minutes. 

The coverslips were carefully removed and the slides rinsed three times in distilled water. 

The slides were blotted dry and stained by immersion with 10% Giemsa solution in 

phosphate buffer (pH 6.8) for 10 minutes in a Coplin jar. The slides were again rinsed 

with distilled water and left to dry on a slide warmer at 37°C for at least an hour before 

mounting with Permount, covering with a coverslip and being left to dry at RT overnight.
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2.2.1.7 Scoring the slides

For analysis the slides were first scanned at low magnification (lOOx) to find 

spreads that were mitotic with approximately 46 pieces. The scanning was done 

methodically, either manually by the scorer, or else automatically using a Metafer Slide 

Scanning System (Metasystems Group Inc., Watertown MA). Once a mitotic spread was 

identified, the scorer would then switch to a higher magnification, either 630x or lOOOx, 

to score the spread. If the spread had harlequin staining or fewer than 46 centromeres, it 

was rejected. Otherwise, the spread was scored for damage; dicentric chromosomes and 

rings, with their acentric fragments, as well as any excess acentric fragments. Tricentrics 

were scored as two dicentrics, with two associated acentric fragments, and likewise for 

higher number multicentrics. Figure 2-2 illustrates two spreads, one with 46 pieces and 

no visible damage, and the other with 46 pieces, 1 dicentric and 1 acentric fragment.
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Figure 2-2: Two metaphase spreads illustrating (a) no visible damage and (b) 1 dicentric 

chromosome (solid arrow) and 1 acentric fragment (dashed arrow). Spreads were 

captured at lOOOx magnification on a Metafer Slide Scanning System (Metasystems

Group Inc., Watertown MA).

At least 100 spreads were scored for each 0 Gy sample, or in the case of the 6 Gy 

samples, at least 100 dicentrics were scored.

2.2.2 Fluorescence In Situ Hybridization (FISH)

2.2.2.1 FISH Introduction

While the DCA is useful for scoring unstable damage such as dicentric 

chromosomes and rings, without karyotyping or banding, it does not provide any 

information about the presence of stable damage, such as translocations, deletions, 

insertions or inversions. Karyotyping and banding are laborious techniques, and the 

development of the FISH assay [70] provides an effective alternative for the visualization



of stable chromosome damage. FISH is a method which uses specific DNA sequences as 

probes which paint the probed sequence with various coloured fluorochromes. The 

fluorochromes can then be visualized using fluorescent microscopy. If stable damage is 

present, it is visible as a rearrangement of the coloured fragments.

2.22.2 Cell culture, mitotic arrest, hypotonic shock and fixation and slide preparation 

The processing of the FISH samples is very similar to that of the DCA, and 

follows the same methods as outlined in sections 2.2.1.1 through 2.2.1.5, with only a few 

minor alterations. For the FISH samples, the samples were irradiated at 4 Gy. BrdU was 

not used, and the percentage of cells in second metaphase was assumed to be low 

(approximately 5%, based on prior knowledge).

2.2.2.3 Slide preparation and chromosome painting

Generally, only a portion of the chromosome population is painted for FISH, and 

these are the larger chromosomes, as they represent a larger percentage of the DNA 

content. For our assay, a three colour kit was used, which specifically painted 

chromosomes 1, 2 and 4, which represent 21.87% of the genome [71].

Starting with frozen samples, the samples were washed twice with 10 mL fresh 

fix (as described in section 2.2.1.4 Fixation and washes) at RT. Slides were prepared 

using the same method as for the DCA except that the concentration o f cells required for 

FISH was slightly more dense, to ensure that sufficient spreads would be available to 

score. The slides were left to dry on a slide warmer to 37°C overnight.
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On the following day, each slide was immersed in 2x SSC (pH 7.0) for 2 minutes 

in a glass Coplin jar at RT, then dehydrated by immersion in a series of ethanol baths 

(70%, 85% and 100%) for 2 minutes each at RT. The slides were transferred to a 37°C 

warming tray for another 2 minutes.

15 pL of pre-warmed probe (Cytocell 1,2,4 Direct Probe, Rainbow Scientific; 

Windsor CT) was applied to the center of the slide and then covered with a pre-warmed 

coverslip. The edges of the coverslip were sealed with rubber cement and left to dry 

completely on the plate warmer. The use of the rubber cement ensures that the probe does 

not evaporate during the denaturation and hybridization stages. Once dry, the slides were 

placed in a thermocycler where they were denatured at 75°C for 2 minutes, and then 

hybridized at 37°C for 24 hours.

Post-hybridization, the rubber cement was carefully removed, and the slide 

washed in 0.4X saline-sodium citrate (SSC), (pH 7.0) at 72°C for 2 minutes. Note that 

care was taken to not allow the slide to dry out once the coverslip was removed. The slide 

was drained, washed in 2X SSC, 0.05% Tween-20, pH 7.0 at RT for 30 seconds, drained 

again and 15 pL of DAPI (4,6-diamidino-2-phenylindole) antifade (Cytocell 1,2,4 Direct 

Probe, Rainbow Scientific) applied to the center of the slide. A coverslip was added and 

the edges sealed with clear lacquer to prevent the slides from drying out. The slides were 

kept in the dark to allow the colour to develop for a minimum of 10 minutes. Slides were 

kept in a -20°C freezer for storage. Also note that all procedures with the probe were 

done under reduced light to limit degradation of the fluorochromes in the probe solution.
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2.2.2.4 Scoring the slides

There are a number of different nomenclature systems which are used to describe 

FISH aberrations. Because some of the spreads can become quite complex, the PAINT 

system [72] was used. It is a descriptive system, and each piece is described without 

relying on the presence of another piece, which makes it efficient to use and verify. The 

PAINT system also used the term “colour junction” which refers to the junction of two 

different colours, where it is clear that a DSB had to have occurred. Some key elements 

of the system include the colour and centromeres designations. The letters are assigned as 

A for achromatic (no colour), R for red, G for green and Y for yellow; and a capital letter 

is used for the piece with a centromere, and a small letter for that without. Figure 2-3 is 

an example of the nomenclature used for a 4 Gy spread.
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Figure 2-3: Example of the scoring of a 0 and 4 Gy spread, (a) 0 Gy spread: no visible 

damage (b) 4 Gy spread: complete chromosomes include 2 copies of chromosome 1 

(red), and 1 chromosome 2 (green). The spread also includes the following damage; a 

deletion of chromosome 2 (del(G)), a deletion of chromosome 4 (yellow) (del(Y)), a 

yellow-achromatic translocation (t(Ay)) and a green-yellow translocation (t(Yg)). 

Spreads were captured at lOOOx magnification on a Metafer Slide Scanning System 

(Metasystems Group Inc., Watertown MA)

At least 1000 spreads were scored for the 0 Gy samples, and in the case of the 4 

Gy samples, at least 100 colour junctions were scored.

31



2.2.3 yH2AX

2.2.3.1 Methods o f measuring yH2AX: spot counting and flow  cytometry

Given the ability to visualize individual yH2AX foci (as mentioned in Chapter 1 

section 1.2.2.5 H2A(X) background), and the close correlation to DSBs, assays were 

quickly developed to measure yH2AX as a measure of DNA damage. yH2AX can be 

measured by fluorescent microscopy, by counting the number of foci per cell. While this 

method is able to detect low levels of damage, it is time consuming. Alternatively, flow 

cytometry could be used to measure the fluorescent intensity o f the yH2AX foci which is 

very fast but less sensitive than foci counting. Olive et al. [73] used flow cytometry 

techniques to measure yH2AX intensity to determine if yH2AX could provide 

information on tumour and normal tissue sensitivity to radiation. From the same research 

group, Banath et al. [49] examined radiation sensitivity and the kinetics of DNA repair in 

irradiated cervical cancer cell lines and concluded that differences in yH2AX response 

was in part related to intrinsic radiosensitivity.

The method used for sample preparation is described in detail in chapter 5.

2.3 Flow cytometry

2.3.1 Introduction to flow cytometry

Flow cytometry is the rapid measurement of cells as they pass an interrogation 

point in a fluid stream. The key feature is that cells in single file pass this interrogation 

point, generally a set of lasers, and as they pass, the scattered, transmitted and fluorescent 

light is measured by a series of highly tuned optical elements.
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2.3.2 Key elements of flow cytometry

Sample preparation is the most important step in flow cytometry due to the 

fluidics. The sample must consist of a single cell suspension which can be guided by the 

laminar flow through the flow stream in a single file, “bead-on-a-string” arrangement. If 

the sample does not consist of single cells, the result is a noisier signal, however, some of 

these noisy events (for example, doublets, which are two cells attached) can be gated out 

in the post-processing.

Cells are stained by incubation with a fluorescent dye or an antibody that is 

conjugated with a fluorochrome. The staining must be specific and proportional to the 

feature being measured. Non-specific binding is misleading and can be an issue. Titration 

of the fluorochrome is important so as to ensure a bright signal that is not oversaturated. 

Use of controls (single colour and fluorescent minus one (FMO)) are important also for 

setting gates and defining negative and positive populations.

Fluorochrome and antibody combinations are important to minimize optical 

cross-talk, which occurs when fluorochromes with overlapping spectra are used 

simultaneously. Optical filtration and electronic compensation are used to correct for 

signal bleed through, but there is a reduction in sensitivity with increased use of 

compensation. Another issue to be wary of is energy transfer between fluorochromes. If 

the energy absorbed by one dye is transferred to a second dye, the signal of the first dye 

is quenched, and the second dye fluoresces instead. Again, FMOs and a thoughtful 

selection of dyes will help mitigate this.

Optical elements consist of multiple lasers or light emitting diodes (LEDs) and 

band- and long-pass filters used in combination with dichroic mirrors. As the lasers and
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LEDs excite the fluorochromes, the emitted light is split according to wavelength and 

each band of colour is deflected to the appropriate photomultiplier tubes (PMTs).

Light scatter and transmission characteristics are used to provide information on 

the size (based on forward scatter) and granularity (based on side scatter) of the particles 

flowing past the point of interrogation. For example, in figure 2-4, the side-scattered light 

(ssc) is plotted against the forward-scattered light (fsc). The sample consisted of 

lymphocytes, monocytes, granulocytes, platelets and cellular debris. Lymphocytes have 

minimal granularity and are relatively small in size, and are easily selected based on these 

characteristics. On the other hand, granulocytes are very granular and are larger in size, 

and the monocytes are larger in size as compared to the lymphocytes but less granular 

than most of the granulocytes.
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Figure 2-4: Intensity of forward light scatter versus intensity of side light scatter 

acquisition dot plot of a blood sample. Various clusters represent different cell types, and 

characteristic populations are identified (lymphocytes, monocytes, granulocytes and 

debris/platelets). A gate is drawn around the cell population of interest (LYMPHS)

The light scatter characteristics, along with the intensity of the fluorescent colours 

detected, provide the information about the sample, and because of the speed of the 

assay, many more cells can be rapidly analyzed, as compared to microscopic assays. In 

this way, the flow cytometer is said to provide good population statistics. As described
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subsequently in chapter 6 , these functions allow simultaneous detection o f yH2AX 

lymphocytes, as well as in the CD4, CD8  and CD 19 subsets.



3. The Dicentric Chromosome Assay (DCA) Study

3.1 Introduction to the DCA Study

This chapter contains the manuscript entitled “Chromosome damage and cell 

proliferation rates in in vitro irradiated whole blood as markers o f late radiation toxicity 

after prostate radiotherapy”, accepted for publication in the International Journal o f 

Radiation Oncology. Biology. Phvsics (IJROBP) (September 23rd, 2012). The manuscript 

has been edited from the published version following revisions requested by examiners at 

the defense (December 10th, 2012). As well, the references, which have been unified for 

the entire thesis are presented at the end of the thesis, in section 7.0 References.

3.2 Chromosome damage and cell proliferation rates in in vitro irradiated whole 

blood as markers of late radiation toxicity after prostate radiotherapy

Authors: Lindsay A. Beaton, M.Sc.(l), Catherine Ferrarotto, MLT(l), Leonora 

Marro, M.Sc.(l), Sara Samiee, M.D.(2), Shawn Malone, M.D.(2), Scott Grimes(2), 

Kyle Malone (2), Ruth C. Wilkins, Ph.D.(l)

(1) Environmental and Radiation Health Sciences Directorate, Health Canada, 775 

Brookfield Rd., Ottawa, ON, Canada

(2) The Ottawa Hospital, Ottawa Hospital Research Institute, University o f Ottawa, 

501 Smyth Rd, Ottawa, ON, Canada
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3.2.1 Summary

This study examines three cytogenetic endpoints in in vitro irradiated whole blood 

from prostate cancer patients exhibiting late normal tissue damage. These patient samples 

were matched by prostate cancer patients who exhibited no late normal tissue damage. 

Statistical analysis is described in detail, and significant results were found in all three 

endpoints.

3.2.2 Abstract

Background and Purpose: In vitro irradiated blood samples from prostate cancer 

patients exhibiting late normal tissue damage were examined for lymphocyte response by 

measuring chromosomal aberrations and proliferation rate.

Material and Methods: Patients were selected from a randomized trial evaluating 

the optimal timing of Dose Escalated Radiation and short course Androgen Deprivation 

Therapy. Of 438 patients, 3% developed Grade 3 late radiation proctitis and were 

considered to be radiosensitive. Blood samples were taken from 10 of these patients 

along with 20 matched samples from patients with grade 0 proctitis. The samples were 

irradiated at 6  Gy and, along with controls, were analyzed for dicentric chromosomes and 

excess fragments per cell. Cells in first and second metaphase were also enumerated to 

determine the lymphocyte proliferation rate.

Results: At 6  Gy, there were statistically significant differences between the 

radiosensitive and control cohorts for three endpoints; the mean number and standard 

deviation (SD) of dicentric chromosomes per cell (3.26 ± 0.31, 2.91 ± 0.32; p = 0.0258), 

the mean number and SD of excess fragments per cell (2.27 + 0.23, 1.43 ± 0.37; p <
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0.0001) and the mean proportion and SD of cells in second metaphase (0.27 ±0.10, 0.46 

± 0.09; p = 0.0007).

Conclusions: These results may be a valuable indicator for identifying 

radiosensitive patients and for tailoring radiotherapy treatments.

3 .23  Introduction

Radiotherapy is a common treatment modality for a broad range of malignancies. 

Depending on the type of cancer, radiation can be used either as a mono-therapy or in 

combination with other treatments such as surgery and chemotherapy. With modem 

radiotherapy techniques, clinicians have been able to minimize the risk o f normal tissue 

toxicity [74], Despite improvements in radiotherapy techniques, a percentage of patients 

suffer moderate to severe late side effects that can impact on patient quality of life. 

Normal tissue damage might present as acute (early responding) and/or chronic (late 

responding) [75;76j. Acute side effects are typically reversible and self-limited whereas 

late effects occur years after treatment and are often irreversible. Furthermore, the 

severity of these late effects can limit the total dose and dose per fraction that can be 

administered during treatment [3]. For prostate cancer treatment, up to 10% of patients 

experience grade 3 late rectal toxicity [77].

It has become clear that inter-patient variability and the incidence of late side 

effects could be partially due to individual patient radiosensitivities [7]. The need for a 

greater understanding of the variations in radiosensitivity has led to many attempts to 

identify biomarkers that could be used to predict an individual’s radiosensitivity in order 

to personalize patient treatment protocols. A number of potential predictive assays for
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normal tissue toxicity have been explored including but not limited to clonogenic survival 

after 2 Gy (SF2) assays [30;34;78], chromosomal damage assays [79;80], genomic 

profiles (see Andreassen 2005 for a review [50]) and, more recently, lymphocyte assays.

Lymphocyte assays provide attractive potential benefits, such as being less 

invasive and having a shorter turnaround time compared to fibroblast or genetic assays. 

West et al. [81] suggested that lymphocytes were more radiosensitive in patients 

suffering more severe reactions to radiotherapy. Preliminary results from Hoeller et al.

[41] found that an increased annual rate of fibrosis might be predicted from a high 

cellular radiosensitivity as measured by the number of lethal chromosome aberrations in 

in vitro irradiated lymphocytes. Those results were followed by a pair o f studies by 

Borgmann et al. [42] that indicated a significant correlation between chromosome 

deletions in vitro and normal tissue side effects in breast cancer patients.

The goal of this study was to evaluate the in vitro lymphocyte response in a 

cohort of prostate cancer patients enrolled in a prospective phase III clinical trial to 

identify possible biomarkers of radiosensitivity. Dicentric chromosomes and excess 

acentric fragments were analyzed, and the lymphocyte proliferation rate was studied.

3.2.4 Materials and Methods

3.2.4.1 Patients

438 prostate cancer patients have been entered onto a phase 3 clinical trial 

(OTT0101, OHREB #2001014-01H) evaluating the optimal sequencing of radiation and 

6  months Androgen Deprivation Therapy (ADT) in cTl-T3 prostate cancer. Low risk 

prostate cancer patients were excluded from the trial. All patients received 6  months ADT
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and were randomized to radiation at Day 1 or after 4 months of ADT. The clinical trial 

received Research Ethics Board approval from the Ottawa Hospital. Patients for the 

companion in vitro radiosensitivity study were recruited from OTT-OIOI clinical trial. O f 

the patients entered in the phase III clinical trial, 3% had developed Grade 3 late radiation 

proctitis. Toxicity was prospectively scored using the RTOG/EORTC Late Toxicity Scale 

[58] scoring schema. Of the identified patients with Grade 3 late proctitis (sensitive), 10 

patients agreed to participate in the in vitro radiosensitivity study. These patients were 

matched with 20 Grade 0 patients (control) from the same prospective clinical trial. For 

the control group (Grade 0 proctitis) the patients had been followed for a minimum of 3 

years after radiotherapy and prior to trial entry on the radiosensitivity study. Clinical 

characteristics of the patient groups are given in Table 3-1. In the sensitive cohort severe 

late grade 3 proctitis developed 9 to 41 months post therapy (mean 21 months). Patients 

gave informed consent to give a venous blood sample. The blood samples were drawn at 

the hospital, and blinded before being transferred to the radiobiology laboratory. The 

patient status was revealed once sample analysis was complete. The in vitro 

radiosensitivity study was approved by The Ottawa Hospital Research Ethics Board and 

Health Canada’s Research Ethics Board.
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Table 3-1: Clinical features of control and radiosensitive groups

Clinical
Group

Age at 
diagnosis 
(mean and 

range)

Pre-Existing
Cardiovascular

Disease/
Hypertension

Pre
existing 
Type II 
Diabetes

Smoker/
Ex-

Smoker

Mean follow 
up time post- 

treatment 
(years)

Mean 
time to 
onset of 
grade 3 
proctitis 
(range)

Control 69 (60-77) 8 /2 0 3/20 8 /2 0 6 N/A
21

Sensitive 73 (68-76) 6 /1 0 1 /1 0 4/10 7 months
(9-41

months)

All patients were treated with a 6  Field 3D Conformal Radiotherapy technique 

using 10 to 18 MV photons. Clinical Target Volume (CTV) 1 included the prostate and 

proximal seminal vesicles. CTV2 was the prostate only. Planning Target Volume (PTV) 

1 was the CTV1 + 1 cm (except at the prostate-rectal interface where it was 7 mm). PTV2 

was the CTV2 + 1 cm except at the prostate-rectal interface where it was 7 mm. PTV1 

was treated to 56 Gy in 28 fractions (2 Gy per fraction) and PTV2 to an additional 20 Gy 

in 10 fractions (2 Gy per fraction). All patients (sensitive and control) met the DV70 

rectal dose constraints proposed in QUANTEC. Gold fiducial markers were used for 

image guidance on the linear accelerator. Median patient age was 70 years, ranging from 

60 to 77 years. The average follow up time for these patients has been 6.2 years, ranging 

from 1.8 to 9.2 years.

3.2.4.2 In vitro Irradiation Protocol

Venous blood, drawn into 10 mL lithium-heparinized vacutainers (BD, 

Mississauga, ON), was aliquoted for each assay. Blood samples were irradiated on their 

sides at room temperature (RT) in a cabinet X-ray machine (XRAD 320, Precision X-ray,
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North Branford CT) at 250 kVp and 12.5 mA with a 2 mm Al filter. The dose-rate was 

1.7 Gy/min calibrated using a Radcal 9010 ion chamber (Radcal, Monrovia CA) 

calibrated at the National Research Council, Ottawa, ON (Nk= 0.992 Gy/Gyreading at 250 

kV, assuming air kerma to be equal to dose).

3.2.4.3 Culture and Fixation

Aliquots of 1.7 mL of whole blood were transferred into two sterile 2 mL 

cryogenic vials (Coming Life Sciences, Lowell MA) and irradiated at RT at 0 or 6  Gy. 

After irradiation, the samples were incubated at 37°C on a rocker for 2 h prior to 

culturing.

After incubation, 1.5 mL of blood was transferred into the T25 vented culture 

flasks (VWR, Mississauga, ON) containing 13.5 mL RPMI 1640 media (Invitrogen, 

Burlington ON) supplemented with 1% L-Glutamine pen-strep (Sigma-Aldrich, Oakville 

ON, lOOx), 15% inactivated FBS (Sigma-Aldrich), 2% PHA (Invitrogen) and 0.5% 5- 

Bromo-2’-deoxyuridine (BrdU) (Sigma-Aldrich, 1 mg/mL). The flasks were incubated in 

a 5% CO2, 37°C incubator. 150 pL Colcemid (Invitrogen, lOpg/mL) was added to the 0 

Gy samples at 44 h, and similarly was added to the 6  Gy samples after 6 8  h. The samples 

were incubated for another 4 h.

At 48 h (0 Gy) and 72 h ( 6  Gy), the suspensions were transferred to 15 mL 

polypropylene tubes, centrifuged at 2 0 0 g for 8  minutes and the pellet was resuspended in 

hypotonic 0.075M KC1 solution at RT and incubated for 12 minutes. Samples were 

subsequently fixed and washed repeatedly with 3:1 methanol/acetic acid and placed in a - 

20°C freezer for a minimum of 30 minutes prior to slide preparation.
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3.2.4.4 Dicentric Chromosome Assay (DCA)

Slides were prepared by dropping 15 pL o f cell suspension onto frosted glass 

microscope slides (Fisher Scientific, Ottawa, ON) in a Hanabi metaphase spreader 

(Adstec, Funabashi-city, Chiba Japan) and then placed on a slide warmer at 37°C 

overnight.

The slides were stained using the fluorescence plus Giemsa (FPG) method [65] to 

allow discrimination between cells in first and second metaphase (Ml and M2 

respectively). Briefly, slides were stained for 2 minutes in 20 pg/mL Hoechst 33258, 

placed on a slide warmer at 60°C and flooded with 0.6 M Na2HP0 4  (pH 9) before being 

mounted with glass coverslips. After being incubated under 365 nm UV light for 8  

minutes, the coverslips were removed and the slides rinsed three times with distilled 

water. The slides were stained with 10% Giemsa solution in phosphate buffer (pH 6 .8 ) 

for 10 minutes. They were again rinsed with distilled water and left to air dry on a slide 

warmer at 37°C for at least an hour before being mounted with Permount.

The slides were visualized under brightfield microscopy on a Metafer Slide 

Scanning System (Metasystems Group Inc., Watertown MA) and an Olympus BX50 

(Olympus Corporation, Richmond Hill, ON). A minimum of 200 metaphase spreads were 

scored for the 0 Gy samples for each patient and a minimum of 100 dicentrics scored for 

the 6  Gy samples. Only spreads in Ml were scored, and each spread had to have 46 

centromeres to be countable. As shown in figure 3-1, the M l spreads were scored for 

dicentrics and acentric fragments. Chromosomes with more than 2 centromeres were 

counted as multiple dicentrics. For example a tricentric was counted as 2 dicentrics. 

Excess acentric fragments were determined by subtracting the number of fragments
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associated with dicentrics (on a one-to-one ratio) from the total count of acentric 

fragments.

Figure 3-1: Example of chromosome damage in a solid stained, Ml spread. The highly 

damaged 6  Gy spread (captured at lOOOx) contains examples of dicentric chromosomes 

(bold arrows) and acentric fragments (thin arrows). This spread would be counted as 2 

dicentrics, 1 tricentric and 5 acentric fragments, resulting in a final tally of 4 dicentrics 

with associated fragments and 1 excess fragment.

3.2.4.5 Percentage in Metaphase 1 and 2

The same slides as were prepared for DCA 0 Gy and 6  Gy were scanned at 600x 

and a minimum of 150 metaphase spreads per dose per patient were counted as either 

being in Ml or M2, determined by the use of FPG staining. M l spreads are identified by

*  V  < m il
*4*1 mm t l»
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their monochrome staining (figure 3-1), while M2 spreads have a unique harlequin 

appearance (figure 3-2) [65].

Figure 3-2: Harlequin staining: visible with FPG staining, with one sister chromatid being 

darker than the other. This M2 spread (captured at lOOOx) would not be scored for 

chromosome damage, but would be counted for the proportion of cells in M l or M2.

3.2.4.6 Statistics

The study design was a randomized complete block design and generalized linear 

mixed models (GLMM) with Poisson errors applied to model the outcomes dicentrics per 

cell and excess fragments per cell as these are rates and typically follow a Poisson 

distribution. GLMM include both fixed and random effects, to account for between 

treatment and status group variability (fixed effects) and within subject variability 

(random effect). Treatment and status are considered to be the fixed effects of the model
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along with their interaction to account for differences between treatment groups with 

respect to patient status. The random effect in the GLMM was subject to control for 

correlation within as well as between samples in the two dose groups, since each 

participant’s blood was exposed to all treatment levels. Subjects were considered to be 

nested within status groups (control and sensitive), since the two status groups consisted 

of independent samples. The number of cells in M2, as a fraction of the total cells 

counted (fM2) was analyzed in a similar approach with the errors in the GLMM model 

following a binomial distribution.

When the overall F-test demonstrated a difference between status groups (p < 

0.05), then multiple comparison tests were applied to compare the two status groups at 

each dose level. Bonferroni corrections were applied for pair-wise comparisons in order 

to adjust the Type I error rate to be less than 0.05. In the present study for each endpoint 

of analysis there were four possible pair-wise comparisons ( 2  treatment levels at 2  status 

groups). Therefore, the p-value from each pair-wise comparison was multiplied by a 

correction factor of 4.

3.2.5 Results

The two patient groups had comparable initial clinical characteristics (Table 3-1). 

Table 3-2 presents the primary data for each patient; including dicentric chromosomes 

and cell proliferation information. Table 3-3 presents the average and standard deviation 

(SD) of dicentrics and excess fragments per cell as well as the average proportion and SD 

of M2 cells per cell. The data for each patient (dicentrics chromosomes per cell, excess 

fragments per cell and proportion of spreads in M2) are shown in figure 3-3 to illustrate
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the distribution. As shown in table 3-3, there was no difference between the sensitive and 

control status groups at 0 Gy for any of the 3 endpoints, while there was an overall 

difference between the sensitive and control status groups when comparing dicentrics per 

cell, the excess fragments per cell, and the proportion of cells in M2 after exposure to 6  

Gy.
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Table 3-2: Counted data for individual patients, including chromosome damage and cell proliferation information. Status is defined as 

0 for controls and 1 for sensitive patients. Ml and M2 represent the number of cells counted as first or second metaphase respectively.

Chromosome Damage Cell Proliferation Rates

ID Status Dose
(Gy)

# Cells 
Counted

#
Die

# Excess 
Frags Die/Cell Excess

Frags/Cell Ml M2 Total
Counted fMl fM2

P01 0 0 2 0 0 2 0 0 .0 1 0 0 .0 0 0 223 16 239 0.93 0.07
P02 0 0 2 0 0 2 2 0 .0 1 0 0 .0 1 0 2 0 0 15 215 0.93 0.07
P03 0 0 2 0 0 0 4 0 .0 0 0 0 .0 2 0 224 14 238 0.94 0.06
P04 1 0 2 0 0 4 5 0 .0 2 0 0.025 185 4 189 0.98 0 .0 2

P05 0 0 0 - - - - 129 25 154 0.84 0.16
P06 1 0 2 0 0 1 1 0.005 0.005 289 11 300 0.96 0.04
P07 0 0 2 0 0 3 0 0.015 0 .0 0 0 190 10 2 0 0 0.95 0.05
P08 1 0 2 0 0 5 8 0.025 0.040 178 10 188 0.95 0.05
P09 0 0 2 0 0 1 1 0.005 0.005 2 0 0 9 209 0.96 0.04
P10 1 0 2 0 0 8 5 0.040 0.025 183 6 189 0.97 0.03
PU 1 0 2 0 0 3 4 0.015 0 .0 2 0 189 23 2 1 2 0.89 0 .1 1

PI 2 1 0 2 0 0 1 1 0.005 0.005 204 15 219 0.93 0.07
P13 0 0 2 0 0 0 3 0 .0 0 0 0.015 273 6 279 0.98 0 .0 2

P14 1 0 2 0 0 4 2 0 .0 2 0 0 .0 1 0 194 9 203 0.96 0.04
P15 1 0 2 0 0 1 2 0.005 0 .0 1 0 204 7 211 0.97 0.03
P16 0 0 2 0 0 2 2 0 .0 1 0 0 .0 1 0 155 12 167 0.93 0.07
P17 0 0 2 0 0 3 0 0.015 0 .0 0 0 228 21 249 0.92 0.08
P18 0 0 2 0 0 5 3 0.025 0.015 174 7 181 0.96 0.04

Table 3-2 continued on the next page
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Chromosome Damage Cell Proliferation Rates
Dose # Cells # # Excess ... „ Excess . . .  . . .  Total, „  . , „  Die/Cell „  Ml M2 „  fMl fM2(Gy) Counted Die Frags Frags/Cell Counted

0 200 1 0 0.005 0.000 157 7 164 0.96 0lQ4~
0 200 1 0 0.005 0.000 204 26 230 0.89 0.11
0 200 1 1 0.005 0.005 194 17 211 0.92 0.08
0 200 2 1 0.010 0.005 161 31 192 0.84 0.16
0 200 5 1 0.025 0.005 188 43 231 0.81 0.19
0 200 1 1 0.005 0.005 197 10 207 0.95 0.05
0 200 2 8  0.010 0.040 248 12 260 0.95 0.05
0 200 4 10 0.020 0.050 175 11 186 0.94 0.06
0 200 1 0 0.005 0.000 207 25 232 0.89 0.11
0 200 3 1 0.015 0.005 200 21 221 0.90 0.10
0 200 11 6  0.055 0.030 163 12 175 0.93 0.07
0 200 7 7 0.035 0.035 178 1 179 0.99 0.01

6  33 100 60 3.030 1.818 126 70 196 0.64 0.36
6  35 100 50 2.857 1.429 79 129 208 0.38 0.62
6  35 104 74 2.971 2.114 72 60 132 0.55 0.45
6  35 103 72 2.943 2.057 134 51 185 0.72 0.28
6  32 100 41 3.125 1.281 100 79 179 0.56 0.44
6  34 103 76 3.029 2.235 169 6 8  237 0.71 0.29
6  31 101 50 3.258 1.613 121 79 200 0.61 0.40

Table 3-2 continued on the next page
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Chromosome Damage Cell Proliferation Rates
Dose # Cells # # Excess
(Gy) Counted Die Frags Die/Cell Excess

Frags/Cell Ml M2 Total
Counted fMl fM2

27 100 66 3.704 2.444 164 29 193 0.85 0.15
36 100 44 2.778 1.222 107 111 218 0.49 0.51

27 100 61 3.704 2.259 159 21 180 0.88 0.12

31 104 75 3.355 2.419 143 59 202 0.71 0.29
28 100 70 3.571 2.500 148 52 200 0.74 0.26
35 103 56 2.943 1.600 142 62 204 0.70 0.30
34 101 76 2.971 2.235 117 43 160 0.73 0.27
31 101 55 3.258 1.774 130 41 171 0.76 0.24
27 101 52 3.741 1.926 157 67 224 0.70 0.30
36 103 63 2.861 1.800 105 59 164 0.64 0.36
40 100 65 2.500 1.625 8 6  92 178 0.48 0.52
35 101 88 2.886 2.514 101 72 173 0.58 0.42
30 102 60 3.400 2.000 104 69 173 0.60 0.40
31 100 69 3.226 2.226 83 65 148 0.56 0.44
35 103 48 2.943 1.371 81 101 182 0.45 0.55
35 101 38 2.886 1.086 98 90 188 0.52 0.48
36 102 43 2.833 1.194 82 1 0 0 182 0.45 0.55
35 102 42 2.914 1.200 96 92 188 0.51 0.49
35 101 49 2.886 1.400 8 6  91 177 0.49 0.51
43 102 44 2.372 1.023 78 98 176 0.44 0.56

Table 3-2 continued on the next page
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Table 3-2 Continued

Chromosome Damage Cell Proliferation Rates

ID Status Dose
(Gy)

# Cells 
Counted

#
Die

# Excess 
Frags Die/Cell Excess

Frags/Cell Ml M2 Total
Counted fMl fM2

P28 0 6 35 101 29 2 .8 8 6 0.829 109 79 188 0.58 0.42
P29 0 6 39 1 0 0 37 2.564 0.949 91 94 185 0.49 0.51
P30 0 6 42 102 47 2.429 1.119 115 72 187 0.61 0.39
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Table 3-3: Comparison of control to radiosensitive groups for three measurements 

(dicentrics per cell, excess fragments per cell and fM2). Entries in table represent the 

mean (standard deviation) for each endpoint and dose combination. Significance levels 

are denoted by asterisks, where *, ** and *** correspond to p-values < 0.05, 0.01 and 

0 .0 0 1  respectively.

Treatment Group
Dose

0 Gy 6 Gy
Dicentrics per cell

Control (n=l91) 0.01 (0.01) (n=20) 2.91 (0.32)
Radiosensitive (n=10) 0.01 (0.01) (n=l 0)3.26 (0.31)
F(i,27) (p-value) 0.00 (0.9952) 5.57 (0.0258) *

Excess fragments per cell
Control (n=19) 0.01 (0.02) (n=20) 1.43 (0.37)

Radiosensitive (n=10) 0.01 (0.01) (n=10) 2.27 (0.23)
F(i,27) (p-value) 0.06 (0.8036) 33.92 (<0.0001 )***

fM2
Control (n=20) 0.08 (0.05) 0.46 (0.09)

Radiosensitive (n=10) 0.05 (0.03) 0.27 (0.10)
F(i,28) (p-value) 1.88 (0.1756) 13.03 (0.0007) ***

‘Note that for 1 patient, there were no countable spreads in the 0 Gy sample, while there 

were at 6  Gy.
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Figure 3-3: Spread of the data for each of three endpoints (a) dicentrics per cell, (b) 

excess fragments per cell, and (c) proportion of cells in M2. Each point represents one

patient.

3.2.6 Discussion

3.2.6.1 Patient selection

Patients were selected from a prospective clinical trial in which cTl-T3 prostate 

cancer patients were treated with a uniform radiotherapy target volume, dose, and 

treatment technique. The patients were prospectively scored for toxicity using validated 

toxicity scales. These clinical factors help to minimize potential biases in our clinical-
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translational research study. The clinical cohort represents a unique study population that 

is well controlled to minimize inter-patient variability.

3.2.6.2 Chromosome damage

In our preliminary work, there were insufficient countable chromosome spreads in 

the 6  Gy samples after 48 h incubations. Since high doses of radiation can delay the cell 

cycle, the incubation time for the 6  Gy samples was increased from the standard 48 h to 

72 h. This ensured that adequate numbers of cells had reached metaphase. With the use 

of FPG staining, only spreads in M l w ere counted.

In the 0 Gy samples, although there was no difference in the number of dicentric 

chromosomes between the control and the sensitive samples, both groups had increased 

numbers of dicentric chromosomes ( 1 0  per 1 0 0 0  cells for both groups) as compared to 

the expected level in a normal healthy population (-0.5-1.0 dicentrics per 1000 cells) 

[65;82]. While this could indicate repair deficiencies in cancer patients as compared to 

healthy populations, it is inconclusive in this study, as patients have already been exposed 

to high doses of radiation during their radiotherapy. Nonetheless, this is similar to the 

findings of Vodicka et al. [83], who measured a difference in the frequencies o f aberrant 

cells and chromosomal aberrations when comparing newly diagnosed cancer patients to 

healthy individuals.

After 6  Gy, however, a significant increase in both dicentric chromosomes and 

excess fragments was found in the blood samples from the sensitive patients as compared 

to the control group. These results are in agreement with those of both Borgmann et al.

[42] and Chua et al. [43]. Similar to both of these studies, our study looked at the number
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of excess fragments in in vitro irradiated samples. The biggest difference in this method 

was the use of FPG staining to identify and count cells in Ml only. Borgmann et al. 

found a correlation between the lymphocyte assay at 6 Gy and clinical radiosensitivity, 

and Chua et al. found that the mean excess fragments per cell was 3.10 for sensitive cases 

as compared to 1.95 for controls, (p = 0.026), while the mean values (and SD) in this 

study were 2.27 ± 0.23 and 1.43 ± 0.37 respectively (p <0.0001).

FPG staining not only enabled the identification of M l metaphase spreads, but 

had the added value of allowing the evaluation of the rate of cell cycling by determining 

the proportion of Ml and M2 metaphase spreads for each patient. There was, in fact, a 

significant difference between the two groups: the sensitive cohort had a lower proportion 

of cells in M2 (mean = 27%) while the control cohort had a higher proportion (mean = 

46%). This is indicative of a difference in cell cycling time, and it was clear that the 

control cells were cycling faster than the sensitive cells. This could be due to the sensitive 

population having more difficulty with cellular repair and is worth investigating further. 

While there are studies examining tumour radiosensitivity as a function o f tumour 

proliferation rate, there is little evidence in the literature linking cell proliferation rate 

with late normal tissue toxicity.

The use of the FPG staining also provided a more stringent result. As there is a 

difference between the cell cycling times in the two populations and as there is a higher 

likelihood that undamaged cells will cycle into M2, patients with a higher M2% will have 

a diluted score of the amount of damage per cell if M2 cells are included in the analysis 

(since there are more healthy cells in the total count). As shown in the results of our 

study, at 6 Gy, there was a significant difference between the M2:M1 ratio of the control
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and sensitive populations and therefore by using the FPG method, we were able to ensure 

that only spreads in Ml were scored. This stricter scoring schema increased the 

significance of the differences between the two populations at 6 Gy for both dicentric 

chromosomes per cell, as well as excess fragments per cell when compared to earlier 

studies. Based on these results, it is recommended that future work with this assay also 

adopt the practice of using FPG staining. While there is some overlap between sensitive 

and control patients, the radiation response of many of the patients could be identified 

using these endpoints. Future studies should examine the usefulness o f combining 

multiple endpoints to improve the predictive power of cytogenetics.

3.2.6.3 Conclusions

Although cytogenetics has been used as a marker of radiation exposure for many 

years, to date there has been limited use as a marker o f radiation sensitivity. These 

prostate cancer results, which further validate the results found by Borgmann et al. and 

Chua et al. in breast cancer patients, add strength to the suggestion that cytogenetic 

analysis may be a useful predictor of radiosensitivity. The use of FPG staining to denote 

cells in first or second metaphase was used to ensure that only spreads in first metaphase 

were counted for chromosome damage and increased the significance o f these findings. It 

also proved useful to measure the fraction of cells in M2 as a second biomarker to 

differentiate between the sensitive and control populations.If a patient is identified as 

radiosensitive, it is recommended that follow up testing be done to verify their sensitivity. 

The use of multiple endpoints would help verify a patient’s sensitivity, These biomarkers 

may be valuable in the future for tailoring radiotherapy treatments. Further work will be
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done to validate the results in other types of patients who have shown a radiosensitive

response.
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4. The Fluorescent in situ Hybridization Assay Study

4.1 Introduction to the fluorescent in situ hybridization (FISH) Study

This chapter contains the manuscript entitled “Investigating chromosome damage 

using fluorescent in situ hybridization to identify biomarkers o f  radiosensitivity in 

prostate cancer patients”, as submitted to the IJROBP (November 19th, 2012). The 

manuscript has been edited from the submitted version following revisions requested by 

examiners at the defense (December 10th, 2012).The references have been unified for the 

entire thesis, and are presented at the end of the thesis, in section 7.0 References.

4.2 Investigating chromosome damage using fluorescent in situ hybridization to 

identify biomarkers of radiosensitivity in prostate cancer patients

Authors: Lindsay A. Beaton, M.Sc.(l,2), Leonora Marro, M.Sc.(l), Sara Samiee, 

M.D.(3), Shawn Malone, M.D.(3), Scott Grimes(3), Kyle Malone(3), Ruth C. 

Wilkins, Ph.D.(l)

(1) Environmental and Radiation Health Sciences Directorate, Health Canada, 775 

Brookfield Rd., Ottawa, ON, Canada

(2) Department of Physics, Carleton University, 1125 Colonel By Dr., Ottawa, ON, 

Canada

(3) The Ottawa Hospital, Ottawa Hospital Research Institue, University of Ottawa, 

501 Smyth Rd., Ottawa, ON, Canada
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4.2.1 Summaiy

This study examined cytogenetic endpoints, as measured using fluorescent in situ 

hybridization (FISH), in in vitro irradiated whole blood from prostate cancer patients 

previously treated with external beam radiotherapy and exhibiting late normal tissue 

damage. These patient samples, previously studied by the authors, were matched by a 

selection of prostate cancer patients who exhibited no late normal tissue damage. 

Significant results were found in three endpoints.

4.2.2 Abstract

Background and Purpose: Whole chromosome fluorescence in situ hybridization 

(FISH) allows for the detection and identification of chromosome translocations in 

metaphase spreads. In order to evaluate FISH as a method for predicting radiosensitivity, 

this study has examined the incidence o f translocations, after exposure to in vitro 

radiation, in both normally responding patients and those exhibiting late effects after 

radiotherapy treatment.

Materials and Methods: Patients were selected from a randomized trial evaluating 

the optimal timing of Dose Escalated Radiation (76 Gy) and short course Androgen 

Deprivation Therapy for intermediate-risk prostate cancer. Of 438 patients entered on 

trial with mature follow-up (mean 78 months), 3% developed grade 3 late proctitis. Blood 

samples were taken from this radiosensitive cohort (10 patients) along with matched 

control patients (6 patients) with no late proctitis. Whole blood samples were exposed to 

0 or 4 Gy and cultured according to the IAEA recommended methods. Colour junctions 

were evaluated in the resulting metaphases by painting chromosomes 1, 2, and 4 in red,
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green and yellow respectively and scoring according to the PAINT system. At least 1000 

metaphase spreads, or up to 100 colour junctions per sample were scored.

Results: While both groups were statistically similar at 0 Gy, after an in vitro dose 

of 4 Gy, the radiosensitive group had significantly higher rates of damage in the number 

of colour junctions per cell (p = 0.01), the number o f deletions per cell (p = 0.01) and the 

number of dicentrics per cell (p = 0.02).

Conclusions: These results confirm previous studies and indicate that the analysis 

of translocations using FISH after in vitro irradiation correlates with clinical response to 

radiation. This cytogenetic assay should be considered as a predictor of radiosensitivity.

4.2.3 Introduction

The onset of late normal tissue effects after radiotherapy treatments is a limiting 

factor in current radiotherapy regimes and has significant repercussions for the patient’s 

quality of life [76]. For many years, different endpoints have been studied in an effort to 

identify reliable biomarkers of individual patient radiosensitivity, with mixed results 

[33;80;85]. More recently, studies have focused on lymphocyte assays and chromosome 

damage [41;43;86].

Given that unstable damage induced by a higher dose of in vitro irradiation, such 

as dicentric chromosomes and excess acentric fragments, has been shown to correlate 

with the onset of late normal tissue effects [87], further work was done to investigate 

whether stable damage such as chromosome translocations would also be evidenced after 

a similar high dose of in vitro irradiation.
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Fluorescence in situ hybridization (FISH), a technique which uses specific probes 

for the painting of individual chromosomes, allows for the easy visualization and scoring 

of damage in painted chromosomes of interest in metaphase spreads. These painted 

chromosomes also allow for the differentiation between stable (translocations, insertions 

and deletions) and unstable damage (dicentric chromosomes, rings and acentric 

fragments). A recent study by Huber et al. [88] has shown a significant relationship 

between translocations after in vitro exposure and the time dependent occurrence of side 

effects o f the skin with patients during the radiotherapy period (acute effects).

This study has examined the incidence of translocations, after exposure to in vitro 

radiation, in both normally responding patients and those exhibiting late effects after 

radiotherapy treatment to evaluate FISH as a method for predicting radiosensitivity.

4.2.4 Methods

4.2.4.1 Patient Selection and Sample Collection

The patients for this study have participated in previous studies by these authors. 

As previously described [87], the patients were selected from an on-going phase 3 

clinical trial evaluating the optimal timing of Dose Escalated Radiation (76 Gy) and short 

course Androgen Deprivation Therapy for intermediate-risk prostate cancer (OTTOlOl, 

OHREB #2001014-01H). 10 patients exhibiting Grade 3 late proctitis (as per the 

RTOG/EORTC Late Toxicity Scale) [58] were identified as radiosensitive (sensitive), 

and were matched with 20 Grade 0 patients (with no late proctitis) as controls. Of these 

20 patients (used in previous studies), 6 were used as controls for this study. The six 

control patients were selected from the 20 by a combined ranking of their dicentric
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chromosome assay (DCA) results and the number of cells in M2, as a fraction o f the total 

cells counted (fM2) values: 5 of the patients were chosen from the least responsive 

results, while the 6th patient was one o f the most responsive. The study was approved by 

The Ottawa Hospital Research Ethics Board and Health Canada’s Research Ethics Board 

and prior to blood collection, all patients gave informed consent to give a venous blood 

sample.

4.2.4.2 Sample Irradiations and Cell Culture

Blood samples from each patient were drawn into 10 mL lithium-heparinized 

vacutainers (BD, Mississauga, ON) and blinded before being sent to the radiobiology 

laboratory at Health Canada. On arrival, 1.7 mL of whole blood was aliquoted into two 

sterilized cryogenic vials (Coming Life Sciences, Lowell MA); a 4 Gy sample and 

control (0 Gy). The 4 Gy sample was irradiated on its side, at room temperature (RT) in a 

cabinet X-ray (X-RAD320, Precision X-ray, North Branford CT). The irradiation 

conditions were 250 kV, 12.5 mA, with a 2 mm Al filter resulting in a dose rate of 1.7 

Gy/min at 50 cm from the source, as measured using a Radcal 9010 ion chamber (Radcal, 

Monrovia CA) calibrated at the National Research Council, Ottawa, ON ( N r  = 0.992 

G y /G y reading at 250 kV, assuming air kerma to be equal to dose). Post irradiation, blood 

samples were incubated at 37°C on a rocker for 2 h prior to culturing.

After incubation, blood was cultured following IAEA recommended methods 

[65]. Briefly, 1.5 mL of blood was transferred into the T25 vented culture flasks (VWR, 

Mississauga, ON) containing 13.5 mL RPMI 1640 media (Invitrogen, Burlington ON) 

supplemented with 1% L-Glutamine pen-strep (Sigma-Aldrich, Oakville ON, lOOx), 15%
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inactivated FBS (Sigma-Aldrich) and 2% PHA (Invitrogen). The flasks were incubated in 

a 5% CO2, 37°C incubator. 150 pL Colcemid (Invitrogen, lOpg/mL) was added to the 

samples at 40 h, and the samples were incubated for another 4 h. The incubation time was 

reduced from the IAEA methods of 48 h to 44 h to reduce the number of cells in second 

metaphase.

At 44 h, the suspensions were transferred to 15 mL polypropylene tubes, 

centrifuged at 200g for 8 minutes and the pellet was resuspended in hypotonic 0.075M 

KC1 solution at RT and incubated for 12 minutes. Samples were subsequently fixed and 

washed repeatedly with 3:1 methanol/acetic acid and placed in a -20°C freezer for a 

minimum of 30 minutes prior to slide preparation

4,2.4.3 Slide preparation and staining

Staining was carried out according to the standard protocol provided by the 

manufacturer of the probes (Cytocell 1,2,4 Direct Probe, Rainbow Scientific; Windsor 

CT). The following probes were used: chromosome 1 with (Texas Red spectrum, red 

signal), chromosome 2 (FTTC spectrum, green signal) and chromosome 4 (Texas Red and 

FITC spectra, resulting in a yellow signal).

Fixed samples were washed twice with fresh Camoy’s fixative (3 methanol: 1 

acetic acid at RT) and the pellet resuspended. 15 pL of cell suspension was dropped on 

each slide and slides were checked for adequate chromosome spreading.

The slides were soaked in 2x saline-sodium citrate (SSC) buffer (Sigma-Aldrich, 

pH 7.0) for 2 minutes, and then dehydrated in a series of ethanol baths (70%, 80% and 

100%), each for 2 minutes. 20 pL of probe (warmed to RT) was placed on the slide,
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ensuring good coverage, and coverslipped with a 20 x 24 nun glass coverslip. The edges 

of the coverslip were sealed with rubber solution glue and allowed to dry completely. To 

denature the DNA, the slides were placed in a thermocycler, which heated them to 75°C 

for 2 minutes, and then hybridised at 37 °C for 24 h.

Post-hybridization, the glue and coverslips were carefully removed and the slides 

washed in 0.4x SSC buffer (Sigma-Aldrich, pH 7.0) at 72°C for 2 minutes. The slides 

were drained and washed in 2x SSC, 0.05% Tween-20 (Sigma-Aldrich, pH 7.0) at RT for 

30 seconds. Again the slides were drained and 20 pL of DAPI (4,6-diamidino-2- 

phenylindole) antifade (Cytocell) was applied as a counterstain. The slides were 

coverslipped and the edges sealed with clear nail polish, and allowed to develop in the 

dark for 10 minutes.

4.2.4.4 Scoring

The slides were visualized under fluorescence microscopy on a Metafer Slide 

Scanning System (Metasystems Group Inc., Watertown MA). For the 0 Gy samples, a 

minimum of 1000 spreads were scored, while for the 4 Gy samples, a minimum of 100 

colour junctions were scored. Spreads were scored for colour junctions, and types of 

damage including stable (deletions, inversions, insertions) and unstable (dicentrics, rings, 

acentric fragments) damage involving chromosomes 1, 2 and or 4 according to the 

PAINT system devised by Tucker et al. [89].

Due to the complexity of the damage in the 4 Gy samples, the scoring was kept as 

simple as possible to maintain a consistent and repeatable result. To that end, the scoring
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method is clarified below and figure 4-1 illustrates examples of how the spreads were 

scored.

(a)

(c)

r(G)

ace(g)

Figure 4-1: Examples of metaphase spreads stained for chromosome 1 (red), 2 (green) 

and 4 (yellow) with (a) no damage, (b) a dicentric (dic(YG)), an acentric 

fragment(ace(ya)) and a translocation(t(Ag)), (c) a centric ring(r(G)) and an acentric 

fragment(ace(g)), and (d) an insertion(ins(Ygy)), a deletion(del(G)), and a reciprocal 

translocation(t(Ag) and t(Ga)). Separating the damage by chromosome, (a) no damage, 

(b) 1 yellow, 1 green, (c) 1 green and (d) 1 yellow and 2 green. Spreads were captured at 

lOOOx magnification on a Metafer Slide Scanning System (Metasystems Group Inc.,

Watertown MA)
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A colour junction was scored for any visible junction between two different 

colours. Only in cases where it was explicitly clear, for instance, a dicentric consisting of 

both chromosome 1 (RR), was a colour junction counted. Deletions were scored if one of 

the sister chromosomes was noticeably shorter than the other, or else if there was visible 

damage and no other source. An inversion was scored if the centromere was clearly 

identifiable and the p- or q- arms were significantly longer than the chromosome’s 

homologue. Dicentrics were scored as long as part of the dicentric had painted 

chromosome content. Dicentrics involving two chromosomes of the same colour, for 

example RR, or RRa, were scored as a colour junction since it was a clear junction 

between two chromosomes. An insertion was scored only if it involved a centromere and 

associated acentric fragment, interrupted by a chromosome of a different colour, for 

example, Gag, Aga or even YAy. Situations such as gAg or aRa were not counted as 

insertions. Any acentric fragment with coloured content was counted as an acentric 

fragment. There was no distinction between a fragment and a “dot”. If a spread looked 

otherwise normal but had a coloured fragment, a deletion was assumed for a 

corresponding colour, though only in the case of no other obvious source of damage. 

Finally, damage was also sorted by colour (red, green or yellow, representing 

chromosomes 1, 2 and 4 respectively). A piece of colour was matched with at least one 

coloured centromere, to determine how many times a double strand break formed in that 

particular chromosome.
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4.2.4.5 Statistics

Blood samples from the two cohorts (sensitive and control) were investigated for 

the following endpoints (per cell) o f interest: colour junctions, deletions, insertions, 

inversions, dicentrics, rings, acentric fragments, and also damage in each of 

chromosomes 1, 2 and 4. A Poisson regression model was used to determine if there was 

a difference in rates of aberrations between the two cohorts at 4 Gy, after controlling for 

background rates (at 0 Gy). Background rates of aberrations were used as a covariate in 

the Poisson regression model to control for any aberrations already present in each 

individual’s blood sample as a result of the patients’ previous radiotherapy course. Since 

two of the individuals from the radio-sensitive status group did not have background rates 

recorded, a sensitivity analysis was carried out: 1) eliminating their results at the 4 Gy 

dose group and 2) imputing their background rate with the average background rate of 

individuals in the same status group. In this second analysis, degrees o f freedom were 

adjusted to reflect that two observations were imputed. The sensitivity analysis was 

included to determine the effect of these two individuals on the results, as it is always 

better to retain information than to eliminate it.

4.2.5 Results

As mentioned above, two of the sensitive patients had missing background rates. 

The results of the sensitivity analysis were comparable; therefore the missing background 

rates were replaced with the average background rate of their cohort. Table 4-1 presents 

the results from the Poisson regression model for each of the endpoints listed above.
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Columns 2 and 3 of table 4-1 present the mean and standard deviation, after 4 Gy, of the 

sensitive and control cohorts.

The data comparing the spread of each cohort as dose versus aberration rate, is 

presented in figures 4-2 (colour junctions per cell), 4-3 (stable damage per cell), 4-4 

(unstable damage per cell) and 4-5 (chromosome damage per cell).
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Table 4-1: Poisson regression analysis results comparing the sensitive and control cohorts 

for multiple endpoints (per cell) after 4 Gy in vitro irradiation. The coefficient for the 

background rate P (with standard error (SE)) is an assessment of the correlation between 

aberrations at 4 Gy and the background rate. Endpoints were considered to be significant 

at the 0.05 level and marked with an *.

Sensitive Control
Population Population

Mean
(SD)

Mean
(SD)

P (SE) of 
background 

rate

F(i ,id
(p-value)

Colour 2.4 1.9 2.1 9.62
Junction (0.4) (0.2) (1.8) (0.01)*

Stable Damage

Deletions 0.24
(0.06)

0.34
(0.05)

-26.3
(26.4)

9.67
(0.01)*

Insertions 0.05 0.03 192 0.7
(0.03) (0.03) (412) (0.4)

Inversions 0.01
(0.01)

0.006
(0.009)

259
(1099)

0.1
(0.8)

Unstable Damage

Dicentrics 0.4 0.36 43.5 7.40
(0.1) (0.06) (43.9) (0.02)*

Rings 0.03 0.01 -3837 2.0
(0.02) (0.01) (1930) (0.2)

Acentrics 0.8 0.65 -2.8 4.14
(0.2) (0.09) (14.1) (0.07)

Individual Chromosomes

Chr. 1 0.7 0.6 24.9 4.46
(0.1) (0.2) (9.6) (0.06)

Chr. 2 0.6 0.49 6.4 4.20
(0.2) (0.05) (11.2) (0.07)

Chr. 4 0.4 0.47 -3.1 0.4
(0.1) (0.08) (10.7) (0.5)
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Figure 4-2: Plot illustrating the spread and mean (with standard deviation) of colour 

junctions per cell for unirradiated and 4 Gy samples in both sensitive (open diamond) and

control (closed circle) cohorts.
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Figure 4-3: Plots illustrating the spread and mean (with standard deviation) of stable 

damage in both the sensitive (open diamond) and control (closed circle) cohorts. Stable 

damage is divided into (a) deletions, (b) inversions and (c) insertions.
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Figure 4-5: Plots illustrating the spread and mean (with standard deviation) of damage as 

scored per (a) chromosome 1 (b) chromosome 2 and (c) chromosome 4, in both the 

sensitive (open diamond) and control (closed square) cohorts.

As previously mentioned, the background rate was used in the analysis as a 

covariate to control for each patient’s rate of aberrations prior to further radiation 

exposure at 4 Gy. Therefore the coefficient for the background rate (p) in table 4-1 

(column 4) can be interpreted as an assessment of the correlation between aberrations at 

the high dose (4 Gy) and background rate. The background rate was marginally 

significant in only one endpoint, damage in chromosome 1 per cell, indicating that higher



background rates led to higher rates of damage in chromosome 1 at 4 Gy, regardless of 

sensitivity. For all other endpoints there was no significant correlation between rates of 

aberration at the high dose and background rate. Note that a Poisson regression model 

was used to also compare the background rates of aberrations (for each endpoint) 

between the sensitive and control cohorts: no statistical difference was observed between 

the background rates (for each endpoint) between the two groups (p > 0.05, results not 

shown).

Comparing the rates of aberrations between the two cohorts (at the high dose), 

significant differences were observed for the following endpoints: colour junctions per 

cell ip = 0.01), deletions per cell ip = 0.01), and dicentrics per cell ip = 0.02). In the case 

of colour junctions and dicentrics per cell, rates were lower among the control patients as 

compared to sensitive patients. Conversely, rates of deletions per cell were significantly 

higher among control patients as compared to sensitive patients.

4.2.6 Discussion

The purpose of this study was to further investigate the incidence of chromosomal 

damage in in vitro irradiated lymphocytes from a cohort o f prostate cancer patients 

identified as radiosensitive. Previous work with these patients [87] had identified a 

correlation between unstable chromosome damage and the occurrence of late normal 

tissue side effects. Further work, using FISH, was pursued to investigate translocations 

and other chromosome damage endpoints (both stable and unstable). Despite the 

difficulty in scoring FISH spreads at high radiation doses (due to more complex damage), 

previous results from this patient cohort demonstrated the value of evaluating damage
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after a high in vitro dose (4 Gy) when seeking a radiosensitive biomarker. Huber et al. 

[88], working with 3 Gy in vitro irradiated samples found some correlations between 

translocations and acute radiation side effects.

By only painting 3 chromosome pairs (chromosomes 1, 2 and 4), the count is 

limited, but chromosome 1, 2 and 4 make up 8.02, 7.62 and 6.23% of the human genome 

respectively [71] allowing 21.87% of the genome to be assessed. Painting more 

chromosomes would provide more information but could also render analysis too 

complex to interpret.

Furthermore, ideally only chromosomes in first metaphase should be analysed. 

Although no indicator of multiple cell cycles was included, incubation time was short 

enough that most cells would be in first metaphase.

There are several approaches to scoring translocations using FISH probes. 

Classical scoring methods assume reciprocal translocations, where t(Ab) and t(Ba) make 

up 1 event. Tucker et al. [89] introduced the PAINT scoring system which does not 

assume reciprocal translocations. For example, exchanges that are reciprocal are scored 

as 2 events and a non-reciprocal translocation is scored as 1 event. Since the scoring at 

high doses is complicated, the PAINT system was used, and events were scored as 

“colour junctions”.

Using this scoring system, three endpoints, colour junctions, deletions and 

dicentrics per cell, were found to be significant (p = 0.01, 0.01, 0.02, respectively). While 

the mean number of colour junctions and dicentrics per cell were higher in the sensitive 

cohort as compared to the control, it was interesting to note that the mean number of 

deletions per cell was found to be lower in the sensitive cohort as compared to control.
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Further investigations would be required to understand the mechanisms behind this 

process.

Three endpoints, acentric fragments per cell, damage in chromosome 1, and 

damage in chromosome 2 per cell, had marginally non-significant results ip = 0.07, 0.06, 

0.07, respectively). There were two issues that needed to be considered when evaluating 

the results from this analysis: sample size, and variability among the sensitive cohort. The 

sample size in this study was small (6 control and 10 sensitive individuals). With the 

smaller sample size, the power of the test was decreased because the false negative rate 

was increased. This led to the second issue; the variability among the status groups. In 

this study variability at the high dose was large especially among the sensitive 

individuals. With marginal results, one needs to consider, if these endpoints truly do 

differ between the two groups or not. The best way to answer this question would be to 

increase sample size, that is the number of individuals in the study, and not the number of 

cells scored. Clearly, data from larger cohorts of patients would provide increased 

statistical power. As well, it is worth further investigating different patient cohorts to 

determine if these findings can be generalized to patients undergoing radiotherapy for 

different tumour types.

In conclusion, with 3 endpoints considered to be significant, the analysis of 

translocations using FISH after in vitro irradiation correlates with clinical response to 

radiation. This cytogenetic assay should be considered as a predictor of radiosensitivity.
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5. The yH2AX Study

5.1 Introduction to the yH2AX study

This chapter contains the manuscript entitled “Investigating yH2AX as a 

biomarker o f radiation sensitivity using flow  cytometry methods", as submitted to 

Radiology Research and Practice (November 4th, 2012). The manuscript has been edited 

from the submitted version following revisions requested by examiners at the defense 

(December 10th, 2012).The references have been unified for the entire thesis, and are 

presented at the end of the thesis, in section 7.0 References.

5.2 Investigating yH2AX as a biomarker of radiation sensitivity using flow 

cytometry methods

Authors: Lindsay A. Beaton(l), Leonora Marro(l), Shawn Malone(2), Sara 

Samiee(2), Scott Grimes(2), Kyle Malone(2), Ruth C. Wilkins(l)

(1) Environmental and Radiation Health Sciences Directorate, Health Canada, 775 

Brookfield Rd. Postal Locator 6303B, Ottawa, ON, Canada

(2) Department of Physics, Carleton University, 1125 Colonel By Dr., Ottawa, ON, 

Canada

(3) The Ottawa Hospital, Ottawa Hospital Research Institute, University of Ottawa, 

501 Smyth Rd., Ottawa, ON, Canada
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5.2.1 Abstract

Background and Purpose: This project examined the in vitro yH2AX response in 

lymphocytes of prostate cancer patients who had a radiosensitive response after receiving 

radiotherapy. The goal of this project was to determine whether the yH2AX response, as 

measured by flow cytometry, could be used as a marker for radiosensitivity.

Material and Methods: Patients were selected from a randomized clinical trial 

evaluating the optimal timing of Dose Escalated Radiation and short course Androgen 

Deprivation Therapy. Of 438 patients, 3% developed Grade 3 late radiation proctitis and 

were considered to be radiosensitive. Blood was drawn from 10 of these patients along 

with 20 matched samples from patients with grade 0 proctitis. Dose response curves up to 

10 Gy along with time response curves after 2 Gy (0-24 h) were generated for each 

sample. The yH2AX response in lymphocytes and lymphocyte subsets was analyzed by 

flow cytometry.

Results: There were no significant differences between the sensitive and control 

samples for either the dose course or the time course.

Conclusions: Although yH2AX response has previously been demonstrated to be 

an indicator of radiosensitivity, flow cytometry lacks the sensitivity necessary to 

distinguish any differences between samples from control and radiosensitive patients.
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5.2.2 Introduction

The induction and repair of chromosomal damage in irradiated lymphocytes is 

thought to be a promising predictor of patient sensitivity to ionizing radiation [90]. Since 

DNA double strand breaks (DSB) are considered to be the critical lesion for DNA 

damage, the lack of repair, or misrepair, can have severe repercussions. As such, it is 

important to be able to quantitate the induction and disappearance of DSBs.

Rogakou et al. [24] showed that H2AX (an electrophoretic isoform of the histone 

H2A) is phosphorylated (yH2AX) at the sites of DSBs, and Sedelnikova et al. [90] 

demonstrated that yH2AX foci corresponded one to one with DSBs. These results mean 

that the number of DSBs induced can be measured by counting the number of yH2AX 

foci [90]. Furthermore, by staining yH2AX with a fluorochrome-labelled antibody, these 

individual foci can be visualized and enumerated by microscopy (spot counting) which is 

a sensitive but time consuming method. Alternatively, flow cytometry can measure the 

emitted fluorescence from the yH2AX foci, which is a less sensitive method however one 

that provides good population statistics.

In 2004, Olive et al. [73] proposed that the expression of yH2AX, as measured by 

flow cytometry, could be used as an indicator of tissue radiosensitivity. Riibe et al. [91] 

studied the yH2AX response in mice and found that even minor impairments in DSB 

repair lead to excessive DNA damage accumulation during fractionated irradiation and 

concluded that this may have a significant impact on normal tissue response in clinical 

radiotherapy. In addition to induction of repair as a potential indicator, Menegakis et al. 

[92] investigated residual yH2AX foci as potential indicators of clonogenic cells and 

found that after 24 hours, residual yH2AX foci correlated with clonogenic survival.
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Chua et al. [43] performed a study comparing the efficiency of DSB repair and 

chromosomal radiosensitivity in ex vivo irradiated blood lymphocytes between sensitive 

and control patients and found that residual foci measured 24 h after 4 Gy were 

significantly higher in patients considered to be sensitive as compared to controls.

A study by Andrievski et al. [93] noted that lymphocyte subsets CD4, CD8 and 

CD 19 had varied yH2AX responses, and proposed that investigating the in vitro response 

in lymphocyte subsets, CD 19 in particular, might prove to be a more sensitive assay.

The goal of this project was to analyze the induction and residual in vitro yH2AX 

response in lymphocytes and lymphocyte subsets of patient classified as sensitive or 

nonsensitive (control) to radiation in order to determine if the lymphocytes or lymphocyte 

subsets yielded a more sensitive indication of radiation response.

5.2.3 M aterials and Methods

5.2.3.1 Patient Selection and Sample Collection

Patients for this study were selected from an on-going phase 3 clinical trial 

(OTTO 101, OHREB #2001014-01H) evaluating the optimal sequencing of radiation and 

6 months hormonal therapy in cTl-cT3 prostate cancer (as described previously in 

Beaton et al. [87]). Briefly, based on the RTOG/EORTC Late Toxicity Scale [58], 10 

patients who were identified with Grade 3 late proctitis (sensitive) were matched with 20 

Grade 0 patients (control). Table 5-1 (also published in [87]), provides a summary of the 

patients’ clinical characteristics. These patients gave informed consent to give a venous 

blood sample. The study was approved by The Ottawa Hospital Research Ethics Board 

and Health Canada’s Research Ethics Board.
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Table 5-1: Clinical features of control and radiosensitive groups (same as Table 3-1)

Clinical
Group

Age at 
diagnosis 

(mean and 
range)

Pre-Existing
Cardiovascular

Disease/
Hypertension

Pre
existing 
Type II 
Diabetes

Smoker/
Ex-

Smoker

Mean follow 
up time post

treatment 
(years)

Mean 
time to 
onset of 
grade 3 
proctitis 
(range)

Control 69 (60-77) 8/20 3/20 8/20 6 N/A
21

Sensitive 73 (68-76) 6/10 1/10 4/10 7 months
(9-41

months)

The blood samples, drawn in lithium-heparin tubes (Becton, Dickinson and Co 

(BD), Mississauga ON), were cultured 1:10 with sterile 15% complete media (86% RPMI 

1640 (Invitrogen, Burlington ON), 15% FBS (Sigma-Aldrich, Oakville ON), 1% 2 mM 

L-glutamine (Sigma-Aldrich, 100x)) and kept in a 25cm2 vented culture flask (VWR, 

Mississauga, ON). From the culture flask, the blood in media suspension was aliquoted 

into 19 samples of 1 mL into 5 mL flow tubes (BD) and placed on ice. These 19 samples 

included 6 dose points, 1 unstained control, 3 single colour controls, 1 negative yH2AX 

colour control, 1 positive yH2AX colour control, and 7 Full Minus One (FMO) controls. 

At least 1 mL of blood was left in the lithium-heparin tube on a rocker to be used for the 

time course experiments. Of this 1 mL, 100 pL was removed and added to 900 pL 

complete media before each of 7 time point samples were irradiated.
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5.2.3.2 Irradiation

The blood samples were irradiated upright, on ice, in a cabinet X-ray (X- 

RAD320, Precision X-ray, North Branford CT) at 250 kV, 12.5 mA, with a 2 mm Al 

filter and 50 cm from the source. The dose rate was 1.7 Gy/min calibrated using a Radcal 

9010 ion chamber (Radcal, Monrovia CA) calibrated at NRC (Nr = 0.992 Gy/Gyreading at 

250 kV, assuming air kerma to be equal to dose). The dose course samples received the 

following doses; 0, 2, 4, 6, 8, 10 Gy. The unstained, single colour, negative yH2AX and 

negative FMO controls remained unirradiated. The positive yH2AX and positive FMO 

controls were exposed to 10 Gy. After irradiation, the samples were left to stand in a 

water bath at 37°C, tightly capped, for 1 hour. The time course samples received 2 Gy 

each, and were place in a 37°C incubator, loosely capped for the following incubation 

times: 0, 0.5, 1, 2, 4, 8, 24 h, with irradiations being staggered such that all time course 

samples were processed simultaneously.

5.2.3.3 Fixing and Permeabilizing

After incubation, the samples were fixed and permeabilized using a modified 

method from Chow et al. [94], The samples were cold (0°C) centrifuged for 8 minutes at 

300g. The supernatant was aspirated and the pellet resuspended. 65 pL of 10% 

formaldehyde, at room temperature (RT), was carefully added and mixed immediately. 

The samples were incubated at RT for 10 minutes. 1 mL of cold Triton-X in phosphate 

buffered saline (PBS) (0.12% Triton-X 100 w/v, Sigma-Aldrich; 100% PBS) was then 

added to each sample, which were again incubated for 30 minutes at RT. The samples 

were rinsed with 1 mL of cold wash buffer (96% PBS, 4% FBS), mixed, and cold
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centrifuged for 8 minutes at 300g. The supernatant was aspirated, the pellet resuspended 

and 1 mL of cold methanol solution (70% MeOH, 30% PBS, v/v) was added dropwise 

while vortexing. The samples were maintained on ice, stored at -40°C overnight and 

processed within 2 days.

5.2.3.4 Staining and Flowing Samples

From the freezer, the samples were resuspended and 1 mL of cold trisbuffered 

saline (TBS) was added and mixed. The samples were cold centrifuged for 5 minutes at 

400g, the supernatant aspirated and the pellet resuspended. 1 mL of cold TST (96% TBS, 

4% FBS, 0.1% Triton-X 100) was added to each sample and mixed. The samples were 

incubated on ice for 10 minutes and then cold centrifuged for 5 minutes at 400g. After 

aspirating the supernatant and resuspending the pellet, 1 pL o f yH2AX-FITC (Millipore, 

Etobicoke, ON) was added to the required samples and all of the samples were incubated 

on ice, in the dark, for 2 hours. Thirty minutes prior to the end of incubation, the CD 

antibodies were also added to the required samples (10 pL CD4-PE (BD), 5 pL CD8- 

APC (BD) and 5 pL CD19-PC7 (Beckman Coulter, Mississauga, ON)).

Following the 2 hour incubation, 1 mL cold TBS + 2% FBS solution was added to 

all the samples, and they were cold centrifuged for 5 minutes at 400g. The supernatant 

was aspirated, and the pellet resuspended in 500 pL of cold TBS + 2% FBS. The samples 

were stored in the dark on ice until they were run through the flow cytometer.

A gate was drawn around the lymphocyte population based upon characteristic 

populations in the forward versus side scatter acquisition plots. At least 50,000 

lymphocytes were collected. The data was acquired without compensation on a
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FACSCalibur (BD), and compensation and analysis was performed post-acquisition using 

the software FCS Express (De Novo Software, Los Angeles, CA).

5.2.3.5 Statistical Analysis

In each of the two experiments (dose course, time course), two status groups, 

sensitive and control populations, were compared. Each experiment investigated the two 

groups with respect to four endpoints (lymphocytes, CD4, CD8 and CD 19). In both of 

these experiments a two factorial analysis of variance model with randomized complete 

block design (RCBD) was applied, where patients were nested within each level of status. 

The two factors are status group (sensitive, control) and dose (or time). The RCBD 

accounts for individuals blood samples tested at all dose groups or measured at each time 

point. The interest was investigating if there was a difference in the mean fluorescent 

intensity for the four endpoints between status groups, as well as if differences between 

status groups occurred at each dose group or time point.

Linear mixed effects models (LMM) were applied to model the outcome mean 

fluorescent intensity, where each individual’s sample was considered a random block 

nested within a status group, to control for correlation between samples at the various 

dose points or at various time points. When the overall F-test from the LMM for the 

difference between status groups or the interaction between status group and dose or time 

was observed (p < 0.05), then multiple comparison tests were applied to compare the two 

status groups at each dose level or time point. Bonferroni corrections were applied for 

pair-wise comparisons in order to adjust the Type I error rate (the rate of false positives)
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to be less than 0.05. The endpoints lymphocytes, CD4, CD8 and CD 19 were analyzed 

separately.

The assumptions for LMM were verified using the Anderson-Darling test for 

normality of residuals, and Bartlett’s test for homogeneity of variance across groups. 

When these assumptions were not satisfied then non-parametric statistics were used.

5.2.4 Results

Table 5-2 presents the average and standard deviation of geometric mean 

fluorescent intensity for CD4, CD8, CD 19 and lymphocytes at each dose and status group 

in the dose course. Figure 5-1 displays the results from the four endpoints CD4, CD8, 

CD19 and lymphocytes in the dose course. As can be seen in table 5-2 and in figure 5-1, 

average geometric mean light intensity was similar between the two status groups 

(sensitive and control) for each of the four endpoints. There were no significant 

differences observed between the two status groups at each of the respective dose groups 

(p > 0.05 in all endpoints, see table 5-2).

Table 5-3 presents the average and standard deviation of geometric mean 

fluorescent intensity for CD4, CD8, CD 19 and lymphocytes at each time point and status 

group in the time course. Figure 5-2 displays the results from the four endpoints CD4, 

CD8, CD 19 and lymphocytes in the time course. As can be seen in table 5-3 and in figure 

5-2 average geometric mean fluorescent intensity was similar between the two status 

groups (sensitive and control) for each of the four endpoints. As well there were no 

significant differences observed between the two status groups at each of the respective 

time points (p > 0.05 in all endpoints, see table 5-3).
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Table 5-2: Comparing control to sensitive groups for the dose course experiment. Entries 

in table represent the geometric fluorescent intensity of the yH2AX signal for each status 

and dose combination.

Treatm ent Group •
Dose (Gy)

0 2 4 6 8 10
CD4

Control 8.83 30.73 53.91 75.92 101.98 117.81
(n = 20) (1.31) (6.93) (10.44) (17.80) (26.90) (31.73)

Sensitive 8.83 32.53 51.37 75.33 98.44 114.41
(n = 10) (2.58) (7.97) (11.41) (17.44) (19.83) (30.85)

Overall status effect: F(i,28) (p-value) = 0.06 (0.81)

Overall difference between status groups at the various dose 
groups: F(5,i40) (p-value) = 0.18 (0.97)

CD8

Control 
(n = 20)

8.25
(1.50)

24.82
(5.86)

42.00
(8.89)

57.09 76.31 86.12 
(14.41) (24.05) (24.94)

Sensitive 
(n = 10)

7.84
(1.84)

25.22
(5.16)

38.79
(6.13)

53.57 70.45 82.55 
(11.21) (16.58) (19.24)

Overall status effect: F(i,28) (p-value) = 0.38 (0.54)

Overall difference between status groups at the various dose 
groups: F(5,i40) (p-value) = 0.33 (0.89)

Table 5-2 continued on the next page
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Table 5-2 continued

Dose (Gy)

0 2 4 6 8 10

CD19

Control 7.61 19.99 33.81 45.66 59.37 66.38
(n = 20) (1.59) (4.81) (7.90) (11.69) (18.40) (20.61)

Sensitive 6.97 21.07 31.82 42.91 55.31 62.32
(n = 10) (2.15) (5.73) (6.39) (9.79) (10.43) (15.43)

Overall status effect: F(i,28) (p-value) = 0.33 (0.57)

Overall difference between status groups at the various dose 
groups: F(5ii40) (p-value) = 0.42 (0.84)

Lymphocytes

Control 8.39 26.49 45.08 61.32 81.72 92.39
(n = 20) (1.29) (6.17) (9.49) (15.44) (24.08) (26.90)
Sensitive 8.32 27.61 42.10 58.83 75.97 87.49
(n = 10) (2.20) (6.32) (7.44) (11.93) (14.23) (21.26)

Overall status effect: F(i,28) (p-value) = 0.29 (0.59)

Overall difference between status groups at the various dose 
groups: F(514o> (p-value) = 0.42 (0.84)
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Table 5-3: Comparing control to sensitive groups for time course experiments after 

exposure to 2 Gy in vitro radiation. Entries in table represent the mean (SD) geometric 

fluorescent intensity of the yH2AX signal for each status and time combination.

Treatment Group
Time (h)

0 0.5 1 2 4 8 24
CD4

Control (n = 20) 11.01
(3.50)

33.38
(8.43)

40.40
(11.07)

35.40
(8.10)

24.42
(6.33)

13.23
(2.93)

10.30
(2.03)

Sensitive 10.80 32.18 40.41 37.91 25.87 14.25 10.26
(n = 10) (3.86) (7.81) (8.39) (11.26) (7.81) (4.07) (3.14)

Overall status effect: F(i,28) (p-value) = 0.05 (0.82)

Overall difference between status groups at the various time
points: F(6,i67) (p-value) = 0.38 (0.89)

CD8
Control 10.09 29.02 34.44 29.87 21.31 12.36 9.72
(n = 20) (3.32) (7.79) (9.66) (7.26) (5.94) (3.02) (2.17)
Sensitive 9.13 27.27 33.18 30.29 21.26 12.70 9.37
(n = 10) (2.64) (5.22) (5.03) (6.51) (5.65) (3.03) (2-51)

Overall status effect: F(i,28) (p-value) = 0.11 (0.74)

Overall difference between status groups at the various time
points: F(6,i67) (p-value) = 0.25 (0.96)

CD19
Control 11.38 25.14 29.45 26.54 19.30 11.64 10.26
(n = 20) (5.29) (8.47) (9.35) (7.42) (6.22) (3.86) (2.98)
Sensitive 9.85 24.18 28.48 26.25 18.54 11.56 9.69
(n = 10) (4.90) (6.56) (6.24) (8.69) (6.25) (3.32) (3.21)

Overall status effect: F( i ,28) (p-value) = 0.15(0.70)

Overall difference between status groups at the various time
points: F(6.i67) (p-value) = 0.08(1.00)

Table 5-3 continued on the next page
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Table 5-3 continued

Time (h)
0 0.5 1 2 4 8 24

Lymph
Control 
(n = 20)

10.54
(3.13)

30.50
(7.50)

36.92 32.54 
(9.79) (7.41)

22.82
(5.77)

13.22
(3.02)

10.72
(2.20)

Sensitive 
(n = 10)

10.28
(3.07)

29.27
(5.80)

36.59 33.99 
(5.84) (7.99)

23.65
(6.37)

14.03
(3.47)

10.72
(3.05)

Overall status effect: F(i,2g) (p-value) = 0.01 (0.94)

Overall difference between status groups at the various time 
points: F(6,i67) (p-value) = 0.27 (0.95)
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Figure 5-1: Dose course results for lymphocytes (a) and each subset (b, c, d).
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Figure 5-2: Time course results for lymphocytes (a) and each subset (b, c, d).

5.2.5 Discussion

Unfortunately, after fairly rigorous examination of the patient samples, with 6 

dose points and 7 time points each, there was no significant difference found in either 

experiment.

Although it is not uncommon to normalize the data to the 0 Gy or 0 h time point, 

it was decided that this could potentially skew the data as those points are just as 

susceptible to experimental error. It has been shown (see Lew 2007 [95] for a detailed
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example) that when there is correlation between the data, as is the case in this study, the 

randomized block ANOVA is more powerful than a one-way ANOVA. Despite this, no 

significant differences were found.

In order to explore the data further, the presence of possible outliers was 

investigated. Absolute values of studentized residuals were generated for each patient at 

each dose and time point, and any greater than 2 were considered to be suspect. With 

some of the points identified as suspect, the statistical analysis was run on the ranks of 

the data and compared to the original data. By analyzing the ranks, the effect of any large 

or very small values on the results was removed. The results were the same in each case, 

indicating that the possible outliers were not masking any differences between the two 

groups of patients.

Although Menegakis et al. [92] found a correlation between residual yH2AX foci 

and clonogenic survival, and Chua et al. [43] found a difference 24 h after a 4 Gy dose, 

both performed their analysis by spot counting. While the results o f this study were 

unable to detect any differences between the sensitive and control groups, this may have 

been a result of the methodology not being sensitive enough. Even with increased 

counting statistics, the small differences between the groups could not be detected. 

Higher patient numbers would help increase the sensitivity in detecting differences if they 

exist. It is also possible that the time and dose points used in this study were not ideal for 

detecting differences. Chua et al. detected a significant difference 24 h after 4 Gy while 

our 24 h point was after 2 Gy. It has previously been seen that differences in 

radiosensitivity become more apparent when larger amounts of damage have been
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induced in vitro (Beaton et al., [87]). As the same endpoints were not used in this study as 

in Chua et al., it is difficult to make a direct comparison.

In conclusion, the sensitivity of conventional flow cytometry was insufficient to 

detect a difference between patients identified as sensitive or control, even when 

investigating lymphocyte subsets. Further studies will investigate whether an imaging 

flow cytometer, with increased sensitivity due to imaging capabilities will be capable of 

distinguishing between the two populations. This technology will combine the sensitivity 

of spot counting with the advantage of high throughput and better count statistics.
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5.3 Further notes with respect to the yH2AX experiment

5.3.1 Reproducibility

While repeated experiments could not be performed, due to limited blood sample 

volumes, a comparison could be done between a dose course point (2 Gy, 1 h incubation) 

and a time course point (1 h incubation, 2 Gy). These two data points were expected to be 

similar, as the samples originated from the same patient whole blood sample. The dose 

course yH2AX response was plotted patient-by-patient with the time course yH2AX 

response, for each of the lymphocyte and lymphocyte subset populations, as shown in 

figure 5-3. Ideally, the expected result would be a linear response with a slope of +1 

which would indicate no differences between the dose and time course samples from the 

same patient. As shown in figure 5-3, the data follows a linear trend with a positive slope 

for each of the lymphocyte and lymphocyte subset populations. There appears to be a 

systematic difference between the yH2AX response from the time course samples and the 

dose course sample; this could possibly be explained by the fact that the time course 

samples were irradiated and processed approximately 24 h after the dose course samples.
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Figure 5-3: Plot of dose course point (2 Gy, 1 h) versus time course point (2 Gy, 1 

h) for each patient, for each of the lymphocyte and lymphocyte subset (CD4, CD8 and 

CD 19) populations. The data follows a linear trend, as expected, although it shows a 

systematic difference between the time and dose course.

5.3.2 Radiation-induced apoptosis

Based on some of the literature on apoptosis [37;96], the ratio of CD4/CD8 cells 

was examined from the yH2AX samples, at 0 h, 0 Gy and 24 h to see if there was a 

change in ratio between the control and sensitive groups. Endpoints of interest that were 

considered in this analysis included the ratios of number of cells CD4/lymphocytes,
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CD8/lymphocytes, CD 19/lymphocytes and CD4/CD8. These ratios were only compared 

between the sensitive and control cohorts at 0 Gy, 0 h, and 24 h. The ratios of the number 

of cells CD4/lymphocytes, CD8/lymphocytes, CD 19/lymphocytes were considered to be 

proportions and therefore the logits of these were analyzed. The ratio of number of cells 

CD4/CD8 is considered to be a rate, and therefore a Poisson regression model was used 

to analyze this rate. For these four ratios, the factors of dose or time were not considered 

in the model for analysis. The aim of the analysis was to compare the ratios between the 

two cohorts at a specified dose group or time point. Therefore a one way analysis of 

variance model was used to analyze the logits of CD4/lymphocytes, CD8/lymphocytes, 

and CD 19/lymphocytes, and a similar Poisson regression model was used to analyze the 

rate CD4/CD8. Table 5-4 presents the average and standard deviation of the ratios of 

number of the four endpoints for each cohort at 0 Gy, 0 h, and 24 h. The results were 

statistically similar between the two cohorts (p > 0.05 in all cases, see table 5-4). No 

significant results were found.
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Table 5-4: Comparing control to sensitive groups for special ratios (DC and TC). Entries 

in table represent the mean (SD) for each status.

Status group
Dose Course Time Course Time Course

0 Gy, 0 h 0 h, 2 Gy 24 h, 2 Gy
CD4/Lymphocytes

Control (n = 20) 0.43 (0.10) 0.49 (0.16) 0.51 (0.15)
Sensitive (n = 10) 0.41 (0.08) 0.42 (0.08) 0.47 (0.09)

F( i,28) (p-value) 0.2 (0.7) 1.15 (0.29) 0.1 (0.8)
CD8/Lymphocytes

Control (n = 20) 0.19(0.09) 0.21 (0.10) 0.22 (0.09)
Sensitive (n = 10) 0.19(0.12) 0.21 (0.13) 0.22 (0.12)

F<i,28) (p-value) 0.2 (0.6) 0.1 (0.8) 0.01 (0.9)
CD 19/Lymphocytes

Control (n = 20) 0.10(0.04) 0.08 (0.04) 0.07 (0.03)
Sensitive (n = 10) 0.10(0.04) 0.09 (0.04) 0.06 (0.02)

F(i,28) (p-value) 0.10 (0.7497) 0.31 (0.5842) 0.03 (0.8626)
CD4/CD8

Control (n = 20) 2.87 (1.85) 2.82 (1.44) 2.66(1.25)
Sensitive (n = 10) 3.14 (2.12) 2.86 (2.09) 2.69(1.57)

F(i,28) (p-value) 0.13 (0.7247) 0.00 (0.9447) 0.00 (0.9575)
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6. Statistical Analysis

6.1 Summary of individual experiments

In this work, various cytogenetic and DNA damage endpoints were measured in 

blood samples taken from sensitive and control prostate cancer patients. These blood 

samples were divided between 3 different in vitro radiation experiments; DCA (0 and 6 

Gy), FISH (0 and 4 Gy) and yH2AX (0 to 10 Gy with a 1 h incubation time and 0 to 24 h 

with a 2 Gy dose). Table 6-1 is a summary of the final test statistics from each of these 

endpoints comparing the two status groups (control and sensitive).

The DCA experiment measured dicentric chromosomes, excess fragments and 

fraction of cells in second metaphase (fM2) in 0 Gy samples (for background rates) and 

again after exposure to 6 Gy). All three endpoints were found to be significantly different 

at the 6 Gy dose. The chromosome aberration endpoints (dicentrics and excess fragments 

per cell) were analyzed using a Poisson regression model, while the fM2 endpoint was 

analyzed with a logistic regression model. The results of this experiment are examined in 

Chapter 3 section 3.2.5 Results.

The FISH experiment measured colour junctions, deletions, dicentrics, rings, 

acentric fragments, insertions, inversions, and amount of damage in each of chromosome 

1, 2 and 4 in 0 Gy samples (for background rates) and again after exposure to 4 Gy. Three 

endpoints (colour junctions, deletions and dicentrics) were found to be significantly 

different. The endpoints were analyzed using a Poisson regression model. The results o f 

this experiment are examined in Chapter 4 section 4.2.5 Results.

The yH2AX experiment measured the in vitro yH2AX response in lymphocytes 

and lymphocyte subsets (CD4, CD8 and CD19). The endpoints for both the dose course
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(0 - 10 Gy with 1 hour incubation) and time course (0-24 h at 2 Gy), for lymphocyte and 

lymphocyte subsets (CD4, CD8 and CD 19) were analyzed using a linear mixed effect 

model. The results of this experiment are examined in Chapter 5 section 5.2.4 Results.

Table 6-1: Summary of the final test statistics from the DCA and FISH endpoints 

comparing the two status groups (control and sensitive). Test statistics from the yH2AX 

are not shown as they were not found to be significant. There were no significant 

differences between the groups at the background (0 Gy) level. Significance levels are 

denoted by asterisks, where *, ** and *** correspond to p-values < 0.05, 0.01 and 0.001 

respectively.

Challenge Dose (4 or 6 Gy)
Status ___ ,

Assay Endpoint Control Sensitive
p-vmuc

Dicentrics 2.91 (0.32) 3.26 (0.31) 0.03*
DCA Excess Fragments 1.43 (0.37) 2.27 (0.23) <0.0001***

Fraction in M2 0.46 (0.09) 0.27 (0.10) 0.0007***
Colour junctions 1.9 (0.2) 2.4 (0.4) 0.01**

Deletions 0.34 (0.05) 0.24 (0.06) 0.01**
Insertions 0.03 (0.03) 0.05 (0.03) 0.4
Inversions 0.006 (0.009) 0.01 (0.01) 0.8

FISH Dicentrics 0.36 (0.06) 0.4 (0.1) 0.02*
Acentric fragments 0.65 (0.09) 0.8 (0.2) 0.07

Rings 0.01 (0.01) 0.03 (0.02) 0.2
Chromosome 1 0.6 (0.2) 0.7 (0.1) 0.06
Chromosome 2 0.49 (0.05) 0.6 (0.2) 0.07
Chromosome 3 0.47 (0.08) 0.4 (0.1) 0.5
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6.2 Building a classifier: discriminant analysis

6.2.1 Building the data set

To build the initial data set to be used for a discriminant analysis, all endpoints 

that were significant at the 10% level were used. As there was no statistical difference in 

the dose or time course between the control and sensitive groups in the in vitro yH2AX 

response in lymphocytes and lymphocyte subsets endpoints (p >0.10, in all cases).

To have a complete data set, data from all endpoints from each patient had to be 

present in order to use the patient’s data to develop the discriminant function. In the FISH 

study, due to resource limitations, only 6 control patients were included. Therefore the 

FISH endpoints were removed from the discriminant function to avoid discarding the 14 

control patients that were not used in the FISH study.

The remaining endpoints to be used in developing the discriminant analysis were 

therefore dicentrics per cell, excess fragments per cell and fM2. As was observed in the 

univariate analysis of each of these three endpoints, there was no difference in the 

background rates between the control and sensitive cohorts. Therefore only the results 

from the 6 Gy endpoints were used in the discriminant analysis data set. The independent 

variables of the model included dicentrics per cell, excess fragments per cell, and fM2, 

while the dependent variable was sensitivity status (control = 0 and sensitive =1).

Table 6-2 presents some simple descriptive statistics for the endpoints dicentrics 

per cell, excess fragments per cell, and fM2 in each o f the status groups. At the bottom of 

table 6-2 is a simple test of equality of group means. Each of the tests compared the 

outcome between the two cohorts, and the results were significant (p < 0.05). The 

multivariate statistic Wilk’s Lambda, a measure o f how well the model was able to
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discriminate between the two groups, was equal to 0.32 (p < 0.0001). All of which 

suggests that there is strong evidence that these variables are able to distinguish between 

the two status groups.

Table 6-2: Descriptive statistics and test of equality o f group means

Dicentrics Excess fragments fM2
Mean SD Mean SD Mean SD

Control (n = 20) 2.91 0.32 1.43 0.37 0.46 0.09
Sensitive (n = 10) 3.26 0.31 2.27 0.23 0.27 0.1

Total (n = 30) 3.03 0.36 1.71 0.52 0.4 0.13
Test of equality of 

group means 
F(i,28) (p-value)

8.33 (0.0074) 42.96 (< 0.0001) 25.54 (< 0.0001)

6.2.2 Linear discriminant analysis

Linear discriminant analysis (LDA), an adaptation of Fisher’s linear discriminant 

[97], is a method to discriminate (or classify) two or more groups. The main idea is to 

transform a multivariate observation into a univariate observation such that the new 

univariate observations were separated as much as possible. Fisher suggested a linear 

combination of the multivariate data to create the new univariate observations.

The number of discriminant functions is always 1 less the number of groups in the 

dependent variable. In this case there are only two cohorts in the dependent variable 

(sensitive, control), and therefore there is only one discriminant function.

The canonical correlation is the multiple correlation between the predictors and 

the discriminant function. With only one function, it provides an index of overall model 

fit which is interpreted as being the proportion of variance explained (R2). In the present
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study the canonical correlation was 0.82, and suggested that the model explained 68% 

(0.822 x 100%) of the variation in the grouping variable i.e., whether a person is in the 

control or sensitive cohort. The likelihood ratio (0.32), equal to Wilk’s Lambda, indicated 

that the discriminant function was highly significant (p < 0.0001) and provided a measure 

of the proportion of total variability not explained. Therefore the discriminant function 

explained 68% of the variation in the grouping variable, and 32% remained unexplained 

by the function.

Table 6-3 provides an index of the importance of each predictor like standardized 

regression coefficients do in multiple regression (see table 6-3, column 2). The absolute 

value of the coefficient is an indicator of importance in the discriminant model, with 

larger values indicating increased significance. In the present data set, excess fragments 

per cell was the strongest predictor (b = 0.87), while low (due to the negative sign) fM2 

cells (b = -0.63) was next in importance as a predictor. These two variables, with large 

coefficients, stood out as those that strongly predict allocation to the two status groups 

(sensitive and control).

Table 6-3: Standardized canonical discriminant function coefficients.

Variable Canonical
coefficients

Canonical structure 
m atrix correlation

Dicentrics per cell -0.42 0.38
Excess fragments per 

cell 0.87 0.85

fM2 cells -0.63 -0.66

The canonical structure matrix table is another way of indicating the relative 

importance of the predictors, and can be seen in the third column of table 6-3. The
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structure matrix correlations are considered to be more accurate than the standardized 

canonical discriminant function coefficients. These represent correlations o f each variable 

with each discriminant function (sometimes referred to as structure coefficients or 

discriminant loadings). Variables having an absolute correlation greater than 0.30, are 

considered important predictors. Therefore, as seen in the results, both excess fragments 

per cell (0.85) and fM2 cells (-0.66) are considered to be very important, whereas 

dicentrics per cell (0.38) is a marginally important predictor.

In order to evaluate the accuracy of the discriminant model, the data is often split 

into two subsets, a randomly selected test set, and the rest o f the data called a training 

data set. The test data set is used to validate the model built with the training data set. 

Since the number of observations in the current data set was limited to a total of 30; 10 

sensitive and 20 controls. Rather than split the limited data into training and testing sets, 

the validity of the function could still be assessed by using a cross-validation technique. 

In cross-validation, each observation is removed from the data set, a discriminant model 

built with the remaining data, and then the model tested on the removed observation. 

Each observation is removed in this way in turn, and the final results combined for the 

entire data set. Table 6-4 presents the results from a cross validation analysis. Of the 

observations that should have been classified as a control, 15% were misclassified as 

sensitive, and 10% of the sensitive were misclassified as controls. Assuming that patients 

had a 3% (from the population studied for these experiments, defined as case 1) to 10% 

(from the literature, [77], defined as case 2) probability o f ranking as sensitive, then the 

probability of misclassification was 15%.
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Table 6-4: Cross validation summary using linear discriminant function. Case 1 

assumes a 3% probability of sensitive patients (based upon the population studied for this 

thesis, while case 2 assumes a 10% probability of sensitive patients [77]).

Number of 
observations (%) 

classified into each 
status group

Status group Control Sensitive Total

Control 17 (85%) 3 (15%) 20
Sensitive 1 (10%) 9 (90%) 10

Total 18 (60%) 12 (40%) 30
Probability of misclassification

Misclassification rate 0.15 0.1
Case 1 0.97 0.03 0.149
Case 2 0.90 0.10 0.145

The results of the cross-validation were also plotted in figure 6-1.
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Figure 6-1: Scatter plot of the two most significant factors of the linear discriminant 

function, excess fragments per cell and fM2, after 6 Gy. Red symbols represent true 

sensitive samples, black represent controls. Open triangles represent predicted sensitive 

values, and open circles predicted controls.

Ideally the correlation between the independent variables should be low, as is 

common in all multivariate analysis, and helps to avoid problems o f multi-colinearity, 

which could skew the results. In the case of the three independent variables chosen in the
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previous section, dicentrics per cell were highly correlated with both excess fragments 

per cell (correlation = 0.50, p = 0.006) and fM2 cells (correlation = -0.57, p = 0.0014). 

Furthermore, a stepwise discriminant analysis indicated that the most significant 

variables in predicting which status group a patient belonged to included excess 

fragments per cell and fM2 cells. Dicentrics per cell were not included by the stepwise 

discriminant function. By removing the variable from the discriminant model, the 

correlation only dropped to 65% from 68%. This indicated that the variable dicentrics per 

cell did not add any additional value to the discriminant function.

6.3 Conclusions

Discriminant models, like all multivariate models, generally become more 

powerful in being able to distinguish between groups when the sample sizes are large in 

each group, from which the discriminant function was developed. The limitation o f a 

discriminant model is if the two populations are overlapped, and the variability is too 

large, then no data set will distinguish the populations entirely. The only two variables 

really necessary for the discriminant analysis were excess fragments per cell and fM2 

cells. The variable dicentrics per cell did not improve the power of the discriminant 

function in predicting or discriminating between the two status groups. It should also be 

noted that, in general, the group sizes of the dependent variable (i.e. sensitivity status) 

should be at least five times the number of independent variables. If only the two 

variables are used, in this case, the number of sensitive observations (10) is in fact five 

times the number of independent variables used in the model.
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The results of the discriminant analysis show a reasonable ability to predict the 

classification of a patient, given the limited data set. It is recommended that more data be 

collected to strengthen the analysis.
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7. General Discussion

There is a large variation in the individual patient response to the radiation that 

patients receive during cancer therapy. For many years, attempts have been made to 

identify a marker for radiosensitivity so that treatments could be tailored to the individual 

response of each patient. This research has focused on endpoints measured in 

lymphocytes that will provide some insight into biomarkers of radiation sensitivity and 

help advance this area of research.

7.1 Summary of thesis findings and limiting factors

The dicentric chromosome assay (DCA) allows for the identification of unstable 

damage due to the exposure of ionizing radiation. As discussed in Chapter 3, three 

endpoints, (dicentrics per cell, excess fragments per cell and the percentage of cells in 

second metaphase (fM2)) were found to be significant indicators of radiosensitivity. 

Fluorescent in situ hybridization (FISH) has the benefit of adding colour to the 

chromosomes, allowing junctions between damaged and subsequently repaired 

chromosomes to be visualized. These experiments identified an additional three 

endpoints (colour junctions, deletions and dicentrics per cell) that were significant 

indicators of radiosensitivity. Two of the DCA endpoints, excess fragments per cell and 

fM2, were combined using a linear discriminant analysis to develop a classifier with a 

misclassification rate of 15%. These results indicate that chromosome damage measured 

after relatively high doses (6 and 4 Gy respectively) of in vitro radiation could provide a 

biomarker of radiosensitivity.
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The measure of yH2AX is an indication of DNA double strand breaks (DSBs). It 

can be used to track the induction and repair of these DSBs, both of which were 

measured by performing dose response and time course experiments. While the results o f 

these yH2AX experiments (Chapter 5 section 5.2.4 Results) were not statistically 

significant, they could be an indication that the use of flow cytometry alone is not 

sensitive enough to distinguish between the sensitive and control patients. These 

experiments will be followed up with further investigations of a combined spot-counting 

and fluorescence-measurement technique, using imaging flow cytometry to acquire more 

information about each sample. This is discussed further in 7.1.1 Null results and 

suggested improvements.

Nevertheless, if the results of several of the more significant endpoints are 

combined, they could provide a stronger indication of an individual's response to 

radiotherapy. As discussed in Chapter 6, the most significant, independent endpoints 

should be used in multivariate analysis to help obtain a stronger classifier. Currently, due 

to sample size limitations, the two best variables to use for discriminant analysis are 

excess fragments per cell and fM2. As these two variables account for 65% of the 

variance in the model, using them, and assuming unequal variance, provides the model 

with the least probability of misclassification. With cross-validation, the linear 

discriminant model had a misclassification rate of approximately 15%.

While this study has focused solely on prostate cancer patients, to limit inter- 

patient variability, it would be valuable for future studies to investigate these same 

endpoints in different patient cohorts to see if there is a similar result. This would help to 

confirm these lymphocyte assays as general bioindicators of radiosensitivity, not limited
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to just one type of cancer. As noted in the DCA discussion (Chapter 4), similar results for 

the dicentric chromosome and excess fragment endpoints have already been found in 

breast cancer patients by Chua et al. et al.[43], as well as Borgmann et al. [42].

7.1.1 Null results and suggested improvements

With regards to the negative results in the yH2AX assay, this study showed a 

large interpatient variability in yH2AX response, even in the baseline signal. This is not 

unexpected, as Ismail et al. [98] used a flow cytometry method to measure yH2AX signal 

in unfixed white blood cells, and also found a significant variation in the level of yH2AX 

expressed that did not correlate with DNA damage. They proposed that the number of 

yH2AX molecules produced per DSB, and therefore the size of foci, varied among 

individuals; this would be detectable by fluorescence intensity measurement (for example 

with flow cytometry) but not with yH2AX foci counting techniques (which is 

independent of brightness). Chua et al. [43] found a significant correlation between 

residual DNA damage in irradiated blood lymphocytes and late normal tissue response to 

breast radiotherapy. Similar to this study, Chua et al. looked at both residual DNA 

damage by counting yH2AX foci after 24 h as well as counting excess aberrations per 

cell, such as excess acentric fragments after 6 Gy. The major difference between the two 

studies was in the yH2AX analysis. Chua et al. examined two dose points at two time 

points: 0.5 Gy at 0.5 h and 4 Gy at 24 h after irradiation and found a significant 

difference in the two groups (sensitive and control) after 24 h after 4 Gy. In our study, 7 

time points were examined at the same dose (2 Gy; 0, 0.5, 1, 2, 4, 8 and 24 h) and 6 dose 

point at the same time (1 h; 0, 2, 4, 6, 8, 10 Gy). Our study also used flow cytometry
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methods, examining the fluorescent intensity of approximately 50,000 lymphocytes per 

sample, as compared to Chua et al. who counted yH2AX foci in at least 50 cells per 

sample. The study by Finnon et al. [57] examining multiple gene expression and 

chromosome damage endpoints also examined yH2AX response by flow cytometry and 

found that the sensitive patients could not be distinguished from controls. This indicates 

that either the spot counting methods are more sensitive; and that the flow method is not 

quite sensitive enough to differentiate between the two populations, or that a higher dose 

is required to reveal differences in damage induced to cells from the two populations of 

patients. Future studies will develop a method that uses a combination of intensity and 

spot counting technique, such as that possible with an imaging flow cytometer. This 

would allow for the acquisition of more information on both the number of DSBs as well 

as the intensity of each focus.

7.1.2 Patient selection and limitations of sample size

Our study was limited by the number of radiosensitive patients available and 

willing to participate. A patient was identified as radiosensitive if they were a Grade 3 

patient (using the RTOG/EORTC score (see Appendix A), specifically those patients 

requiring cauterization of colonic lesions). O f the 13 patients identified as Grade 3, 1 

passed away and 2 declined to participate. All patients were selected from the same 

clinical trial to minimize interpatient variability; keeping to patients within this strictly 

controlled clinical study resulted in patients of a similar age, gender and with very similar 

treatment protocols, and dose volume histograms. Comparable studies, such as Chua et
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al. [43] had similar sample sizes: 14 (7 sensitive and 7 controls). Future studies of other 

patient cohorts will help to increase the number of samples.
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7.1.3 Confounding factors: treatment errors and treatment target volume

The most evident confounding factor would be treatment error, and while this is 

always a possibility with complex treatments such as radiation therapy, the improvements 

in dose delivery and treatment planning are meant to reduce treatment errors. 

Nonetheless, patients are still exhibiting a varied response to treatment, and more severe 

long-term side effects are still in evidence.

It is also important to consider the treatment target volume, which could be a 

confounding factor when determining if a patient is to be considered radiosensitive. If 

this parameter is not consistently defined among patients, it could have an effect on the 

late normal tissue side effects. Livsey et al. [99] investigated differences in target volume 

definition in prostate cancer by asking several oncologists to define the clinical target 

volume (CTV1) and prostate volume (CTV2) and compared the plans amongst them. The 

results indicated that the smallest variance was noted at the most critical boundaries (for 

example rectum-prostate, bladder-prostate). These critical boundaries are the ones most 

likely to have the greatest effect on normal tissue toxicity. The authors concluded that 

interclinician outlining differences had less clinical relevance than expected indicating 

that definition of the CTV would not be a confounding factor for side effects.

7.1.4 Missing data points

When dealing with biological samples, it is not uncommon for unexpected sample 

issues to arise. As noted in the DCA discussion (Chapter 3), for patient 5, there were no 

countable spreads in the 0 Gy sample, while the 6 Gy sample did have spreads. The 

method control sample was checked, and no problems were detected, therefore it was
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concluded that patient 5 had slower cycling cells and therefore 48 h was not sufficient for 

the 0 Gy sample.

In the FISH experiments (Chapter 4), the samples from patients 8 and 10 did not 

have enough cells at 0 Gy to do any FISH analysis. These patients did have samples at 4 

Gy, and were done to maximize the amount of information that could be gathered from 

sensitive patients.

7.1.5 Inter-scorer variability

To address the issue of scoring variability between scorers, adherence to a rigid 

set of counting rules was important. Intralaboratory comparisons were done to ensure that

similar results were seen within the same set of slides (less than 5 - 10%). This was

important for both the DCA and FISH assays, as the scoring was done manually. It was 

not critical for the yH2AX assay as automated analysis was performed.

7.2 Further work with assorted patient populations

In order to further test the feasibility of these endpoints as predictors of radiation 

response, it would be beneficial to test the significant endpoints in additional patients. 

Those with other types of cancer as well as non-cancer patient cohorts who undergo 

radiotherapy such as arterial venal malformation (AVM) would be o f interest. AVMs are 

not a cancerous tumour, but rather a benign malformation, often found in the brain, and 

pose a risk of rupture. If the AVM cannot be removed surgically, patients undergo 

stereotactic radiosurgery (SRS) to ablate it. This procedure is performed at the Ottawa 

Hospital. In most cases, this is a successful treatment, but unfortunately, a few patients



are sensitive to the high dose of radiation and suffer from severe late normal tissue effects 

(radionecrosis) [100]. These patients would be prime candidates for a test of their 

radiosensitivity prior to treatment. Embarking on a new study also gives the opportunity 

to collect patient samples prior to radiotherapy and perform prospective studies.

7.3 Application of assay(s) in the clinic

Early research in radiosensitivity biomarkers often focused on fibroblast studies. 

Fibroblasts are grown from skin biopsies, which are more invasive and painful for the 

patient and may leave scars. The fibroblasts then have to be grown in culture, which is 

time consuming (a few weeks at best) and the samples can be sensitive to cell culture 

conditions. Brock et al. [34] discussed the issues involved with getting precise and 

accurate survival assay results, and noted that it would be necessary to combine survival 

data from at least three independent experiments to obtain an SF2 with 5% error or less. 

As each assay takes approximately 3-4 weeks, even overlapping schedules would result 

in a long turnaround time for results. They also noted a wide interpatient variability with 

respect to cell yield and fibroblast growth rate, morphology and cloning efficiency. These 

variations further complicate SF2 assays, and can lead to long delays and inconclusive 

results. Conversely, lymphocyte samples are considered to be more stable and easy to 

acquire. As well, the samples can simply be stimulated by PHA in culture to begin to 

cycle. The lymphocyte assays, especially the DCA, are very well established for 

biodosimetry; they take 4 or 5 days to complete, depending on the dose and scoring 

methods, and a response could be available within a week. If a radiosensitivity assay
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were to use both DCA and FISH endpoints, the samples could be processed 

simultaneously, without causing a delay in the response time.

7.3.1 Predictive assays

It is clear from the many studies that have been done, that identifying a biomarker 

of radiation sensitivity to predict late normal tissue response has been a challenge. In 

2002, Russell and Begg [101] published an editorial outlining the difficulties and 

confounding factors, both biological/laboratory factors such as cell type used, dose, dose 

rate, type of medium, consistent quality of the medium, plating time and use of feeder 

cells, as well as clinical factors such as total dose and fractionation schedule. They 

concluded that gene expression profiling would lead to an improved understanding of the 

underlying mechanisms of normal tissue reactions to radiation. They noted that the 

predictive power of pre-treatment expression profiling had been shown for tumours, and 

that proof of concept studies had recently been done. Unfortunately, the use of genetic 

profiling is still not used in clinical practice, and there is still a need for a relatively quick 

and cost-efficient bioindicator that could be used in the clinic.

Thus there are still valuable insights to be had from the investigation o f 

chromosome aberrations, which help to provide context for the molecular mechanisms. 

Bailey et al. and Bedford published a review in 2006 [102] which summarized the 

contributions of studies of chromosomal aberrations following ionizing radiation and the 

insights these studies provided on the associated DNA repair processes involved. They 

concluded that a complementary approach of studying cytogenetic aberrations to provide 

context to the molecular mechanisms would be the most beneficial approach.
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Long term reactions to radiotherapy have a lasting impact on the quality of life of 

patients post-treatment. It is particularly relevant to patients with treatable disease with a 

longer life expectancy. With improvements in radiotherapy equipment and treatment 

planning, dose-escalation is more widely accepted, but without a proper idea of the 

effects on the normal tissue exposed, even to minimized doses, there could be an 

increased number of patients with grade 3 toxicity due to radiosensitivity, as opposed to 

toxicity due to treatment error/margins.

7.4 Concluding remarks

With improvements in planning and treatment technologies, individual patient 

sensitivity becomes increasingly significant to predicting patient outcomes. As mentioned 

in section 7.1.3 Confounding factors, the risk o f adverse side effects from the treatment is 

being reduced as the treatment plans become more finely tuned, and the beam targeting 

increasingly becomes more precise and accurate. Thus individual radiosensitivities will 

begin to account for a larger proportion of the adverse side effects of radiotherapy. Based 

on the results of these three studies, it is suggested that chromosome damage assays, both 

DCA and FISH, be used to test patient lymphocytes for indications of individual 

radiosensitivity. Work should be done to further validate these results in other patient 

cohorts to determine if the results translate to other tumour types. As well, future work 

should include the start of a predictive study, where samples are obtained and tested from 

cancer patients prior to treatment, and the patient followed in a long-term study to note 

any late normal tissue toxicity.
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Identification of a predictive assay will enable the tailoring of radiation therapy to 

each individual allowing patients who are radiosensitive to ionizing radiation to have 

their doses reduced and be spared of the toxic effects to normal tissues. Conversely, those 

who are resistant to radiation can be given higher doses, resulting in better cure rates. 

Overall, this will have an impact not only on the cure rate and lifespan of these patients, 

but also on their quality of life.
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Appendix A -  Late Radiation Morbidity Scoring Schema

The RTOG/EORTC late radiation morbidity scoring schema [58], with grade 0 

(not listed) for all tissues corresponding to no side effects, and grade 5 (not listed) for 

selected tissues corresponding to death directly related to radiation effects.

RTOG/EORTC LATE Radiation Morbidity
Tissue Grade 1 2 3 4

Small/Large
intestine

Mild diarrhea; 
mild cramping; 

bowel 
movement 5 
times daily; 
slight rectal 
discharge or 

bleeding

Moderate diarrhea 
and colic; bowel 
movement > 5 

times daily; 
excessive rectal 

mucus or 
intermittent 

bleeding

Obstruction 
or bleeding, 

requiring 
surgery

Necrosis / 
perforation fistula

Slight epithelial 
atrophy; minor

Moderate
frequency;
generalized

Severe 
frequency & 

dysuria; 
severe 

telangiectasia 
(often with

Necrosis/contracted 
bladder (capacity <

Bladder telangiectasia
(microscopic
hematuria)

telangiectasia;
intermittent
macroscopic
hematuria

petechiae); 
frequent 

hematuria; 
reduction in 

bladder 
capacity 
(<150 cc)

100 cc); severe 
hemorrhagic 

cystitis
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