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Abstract

Pre-operative radiotherapy for patients with locally advanced rectal carcinoma has been
shown to improve survival rates and local tumour control. The ability to identify tumours
most likely to undergo a complete or partial response would improve the selection of
patients for radiotherapy and potentially modify post-treatment planning. The aim of this
study was to develop a multi-marker model of tumour response to pre-operative high-
dose rate endorectal brachytherapy (HDREB). Immunohistochemistry (IHC) for p53,
Bcl-2, VEGF, APAF-1 and EGFR was carried out on 104 pre-treatment rectal tumour
biopsies from patients undergoing a pre-operative HDREB protocol. Immunoreactivity
was scored by at least three pathologists using a semi-quantitative scoring method. The
reproducibility of the scoring system was evaluated. Receiver operating characteristic
curve (ROC) analysis was performed for each protein to determine clinically relevant cut-
off scores for defining tumour positivity. Multivariate logistic regression analysis was
parried out to identify independent predictive factors of tumour response. Both the semi-
quantitative scoring system and ROC curve analysis were found to be reproducible. In
addition, the combined analysis of VEGF and EGFR was highly predictive of complete
pathologic response to radiotherapy. EGFR was found to independently predict complete
or partial tumour regression but only with low sensitivity and specificity. A large-scale
prospective study is necessary to confirm these findings. Moreover, the novel
methodology proposed and validated in this study to assess immunoreactivity could
significantly enhance the value of IHC findings in colorectal cancer as well as other

tumour types.



Résumé

La radiothérapie pré-operatoire contre le cancer localisé et avancé du rectum prolonge la
survie et améliore le contrdle local de la tumeur. L’identification des tumeurs dont la
probabilité de regression compléte ou partielle est elevée faciliterait la sélection de
meilleurs candidates et pourrait avoir un impact sur la planification de traitment post-
~thérapie. Le but de cette étude était de déveloper un modéle multi-marqueurs de
regression suite & la brachythérapie pre-opératoire endorectale & haute-dose (HDREB).
L’immunohistochimie (IHC) pour les protéines p53, Bel-2, VEGF, APAF-1 and EGFR
fut effectuée sur 104 biopsies de tumeur rectale prises avant le traitment HDREB.
L’expression de chaque protéine fut evaluée par au moins trois pathologistes utilisant un
systtme d’évaluation semi-quantitatif. Le degrée de reproduction de ce systéme fut
déterminé. L’analyze des courbes Receiver Operating Characteristic (ROC) fut utilisée
afin de déterminer le score le plus approprié¢ au dela duquel I’expression de la protéine est
considerée positive. La regression logistique multivariée fut employée afin d’identifier
les facteurs prédictifs independents. Le systéme d’évaluation ainsi que [’analyze ROC
furent reproductibles. De méme, la combinaison de VEGF et EGFR fut la plus importante
pour prédire la regression pathologique compléte de la tumeur. EGFR fut l’uni.que facteur
prédictif de regression compléte ou partielle mais la sensibilité et la spécificité étaient peu
élevées. VEGF et EGFR ensemble ont une valeur prédictive en tant que marqueurs de
regression complete suite a la HDREB. Une étude prospective & grande échelle serait
nécessaire afin de confirmer ces résultats. De plus, la nouvelle méthode proposée et
validée au cours de cette étude pour évaluer I’expression des protéines détectée par I'THC

pourrait améliorer I’ utilité clinique des résultats obtenus utilisant cette technique.
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CHAPTER 1: Introduction and Literature Review
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1.1 Introduction

Colorectal carcinoma is a leading cause of cancer-related mortality in North America and
Western Europe '. In 2002 more than 1 million people developed this disease worldwide
accounting for about one tenth of all cancers 2. Although early stages of the disease are
linked to excellent post-operative prognosis and a cure rate of 80%-95%, approximately
90% of patients with newly diagnosed cancers present with locally advanced tumours and

lymph node metastasis reducing the 5-year survival rate to 25%-60% 3,

Several randomized trials have described a significantly improved clinical outcome in
patients treated with pre-operative radiotherapy compared to surgery alone “6 The
Swedish Rectal Cancer Trial reported a significant decrease in local recurrence rates and
improved survival in patients receiving pre-operative short-term (5 x 5 Gy fractions)
radiotherapy " ®. The Stockholm I and II trials assessed short-course pre-operative
radiotherapy versus surgery alone and found a significant reduction in local recurrence
rates in the group given neo-adjuvant radiotherapy %10 Along with total mesorectal
excision, pre-operative radiotherapy was also found to improve local control and

prognosis 12

Pre-operative high-dose rate endorectal brachytherapy (HDREB) is a novel form of
radiotherapy administered to patients with locally advanced resectable rectal cancer .
This treatment differs significantly from standard radiation protocols as a high dose

fraction (6.5 Gy) is given once daily over 4 days. Surgery is performed four to eight

weeks after irradiation. Pre-operative HDREB, though still an experimental approach, has
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demonstrated high rates of tumor downstaging and complete pathologic response .

Tumour regression grade following irradiation is linked to improved disease-free survival

and decreased local failure '*1°.

Currently there are no clinically reliable predictors of colorectal tumour response to pre-
operative radiotherapy '°. However, several cellular processes have been identified as
important promoters or mediators of radio-sensitivity and tumour response following pre-

operative radiotherapy including apoptosis, tumour cell proliferation and angiogenesis '

19

1.2 Apoptosis

Apoptosis, or programmed cell death, is necessary for physiological and developmental
processes in normal human tissue 2 Imbalance of apoptosis seems to contribute
significantly to the pathogenesis of colorectal cancer '* *" . Several studies have
reported that the proportion of epithelial cells undergoing apoptotic cell death, frequently
called the apoptotic index, increases with tumour progression from adenoma to
carcinoma. Apoptotic indices of 1.5% to 2.46% have been observed in carcinomas while

significantly lower values (<1.0%) are found in earlier lesions and normal mucosa .

Ionizing radiation induces apoptosis primarily through the mitochondria-mediated
pathway 2. The ratio of pro- and anti-apoptotic proteins such as apoptosis protease
activating factor-1 (APAF-1) and Bcl-2 determines the relative permeability of the

mitochondria to cytochrome ¢, which can initiate a cascade of apoptotic events ultimately
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resulting in cell death ' ?°. The tumour suppressor gene p53 can regulate apoptosis by
mediating the expression of both APAF-1 and Bcl-2, and has been extensively studied in

colorectal cancer '* %,

1.2.1 APAF-1

APAF-1 is a 130 kilodalton (kDa) protein that plays a central role in the activation of
caspases involved in mitochondria-mediated apoptosis 2’. The APAF-1 protein consists
of 3 domains: the N-terminal caspase recruitment domain (CARD), the CED-4-like
domain responsible for nucleotide binding and the C-terminal domain containing multiple
repeats or tryptophan and aspartate residues (WD repeats) essential for carrying out
protein-protein interactions 2’. Cytochrome ¢ released from the mitochondria following
apoptotic stimuli binds to the WD region of the APAF-1 protein 8 In the presence of
ATP, conformational changes of the WD region unmask the CARD domain allowing the
binding of pro-caspase-9. Oligomerization of the APAF-1 protein ensues through its
CED-4 like domains creating a 7-spoke wheel-like structure called the apoptosome 2%,

Subsequent activation of pro-caspase-9 by autocatalytic cleavage initiates a cascade of

downstream effector caspases leading to apoptosis 2*.

APAF-] plays an important role in developmental programmed cell death 2°. APAF-1 -/-
mice suffer from birth defects as well as from severe craniofacial abnormalities, retention
of interdigital webs, brain over-growth due to hyper-proliferation of peuronal cells, and
abnormal development of the eye and inner ear development *°. Absence of APAF-1

protein appears to prevent activation of caspase-3 in vivo and to impair processing of
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caspases -2 and -8 leading to cellular resistance to apoptotic stimuli such as radiation >*

31

APAF-] appears to act as a tumour-suppressor gene >'. Mustika ef al. described intense
and diffuse cytoplasmic immunohistochemistry (IHC) staining for APAF-1 in normal
skin, nevi and melanoma in situ 2. Weaker, focal positivity was observed in melanoma
and in less than 25% of all tumour cells from metastatic melanoma suggesting a role for
APAF-1 in disease progression. Additionally, an inverse correlation between APAF-1

2 Loss of

expression and pathologic stage has been reported in this disease
heterozygosity at the APAF-I1 locus (12q22-23) has been. correlated with decreased
mRNA expression in metastatic melanoma as well as with poor disease outcome and
chemo-resistance **. In colorectal cancer an increased frequency of allelic imbalance at

the APAF-1 locus has been associated with tumour progression from adenoma to

carcinoma to metastatic cancer 34.

A study by Robles ef al. demonstrated that APAF-1 may be an essential component of

pS3-mediated apoptosis *°

. p53 mutation and APAF-1 expression were found to be
inversely correlated in melanoma cell lines *°. The predictive value of APAF-1 to pre-

operative radiotherapy has not yet been investigated.

1.2.2 Bel-2

The Bcl-2 family includes both pro- and anti-apoptotic members including Bax and Bcl-2

37 Bcl-2 is an intracellular integral protein localized to the nuclear envelope, the outer
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mitochondrial membrane and the endoplasmic reticulum. High levels of Bcl-2 protein
were first detected by IHC in follicular and B-cell lymphomas with the translocation
t(14;18); the gene was isolated thereafter °*. Bcl-2 is an anti-apoptotic protein whoée
function is to maintain the integrity of the mitochondrial outer membrane and inhibit the
release of cytochrome c thereby preventing apoptosis 37 The over-expression of Bcl-2 is
widely observed in human cancer cells; however its association with prognosis appears to
be tumour specific 38 Poor prognosis is generally observed in Bcl-2-expressing tumours
from patients with acute myeloid leukemia, diffuse large B-cell lymphomas, prostate and
ovarian cancer *°. However in other neoplasms such as lung, thyroid and breast

carcinomas, Bcl-2 over-expression confers a favourable patient outcome *°.

Over-expression of Bcl-2 is frequently found in colorectal adenomas and is significantly
decreased with malignant transformation *°. In addition, an important reduction in Bcl-2
expression with more advanced Dukes’ stage has been reported *® *!. Numerous studies
have described an association between increased Bcl-2 immunoreactivity and improved

survival time #'*3

whereas other groups have found no link with prognosis ** **. Several
reports have identified an interaction between Bcl-2 over-expression and pS3 staining
with Bcl-2 positive/p53 negative tumours demonstrating superior outcomes compared
with Bcl-2 negative/p53 positive tumours 22 *» % 47 This combined analysis has also

shown to correlate with local recurrence, invasion and metastasis **,

In prostate cancer, a high Bcl-2/Bax ratio was correlated with an increased risk of failure

following radiotherapy *. Over-expression of Bel-2 in cervical cancer, bladder cancer
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and squamous cell carcinoma of the larynx was significantly related to radio-resistance 50-
52 Though the majority of studies on Bcl-2 in colorectal cancer prior to pre-operative
radiotherapy or chemo-radiotherapy have not shown a correlation with expression and

53, 54

tumour response , the predictive value of Bcl-2 has been reported by other groups

particularly in combined analysis with Bax or p53 3,

1.2.3 p53

The p53 gene plays a pivotal role in the cellular response to DNA damage 56 p53 can
inhibit cellular proliferation and regulate both cell-cycle arrest and apoptosis through the
transcriptional activation of downstream effector genes such as p2I/, and pro-apoptotié
genes PUMA, Noxa and Bax. Furthermore, p53 has been shown to directly induce
permeabilization of the outer mitochondrial membrane by forming a complex with the
anti-apoptotic protein Bcl-2, resulting in cytochrome c release which leads to apoptosis
57. As described previously, p53 also appears to regulate cell death by directly activating
APAF-1 . A role for p53 has also been demonstrated in DNA repair **. p53 binds
directly to sites of damage and can up-regulaté GADD45 *. Wild-type p53 has
additionally been implicated in angiogenesis through activation of genes regulating new

blood vessel formation such as Vascular Endothelial Growth Factor (VEGF) ©°.

Loss of wild-type pS3 protein is reported in approximately 70% of colorectal cancers and
occurs early in the adenoma-carcinoma sequence in sporadic tumours ", p53 mutations
are correlated with tumour aggressiveness, poor local control, advanced disease stage,

lymph node metastasis, and increased risk of distant metastasis in the majority of studies
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38, 41, 48, 6165 N utation of p53 detected by DNA sequencing is associated with poor

survival in rectal cancer **%”. However results based on immunohistochemical analysis of
pS3 protein and prognosis are conflicting 41446871 The immunohistochemical detection
of mutant p53 is based on the premise that the half-life of the wild-type p53 protein is
short. Mutant p53, with its significantly longer half-life, accumulates in the cell and can
therefore be visualized *®. Several studies have described severe discordance between
immunohistochemical findings and mutational analysis by DNA sequencing ** . In

addition, the numerous scoring methods used to describe p53 “positivity” in colorectal

tissue following IHC may contribute to these conflicting reports &

Radio-responsiveness and p53 status has been extensively studied. Although the over-
whelming majority of reports show that presence of wild-type pS3 is associated with
sensitivity to irradiation, radio-response appears to be tissue specific ** . Loss of p53
function has been shown to impact in three ways: first, on radio-sensitivity by decreasing
apoptosis and mitotic cell death, second, on the repopulation of tumour cells following
radiotherapy by promoting increased cell proliferation and decreased growth factor
dependency and third, on tumour re-oxygenation by increasing survival under hypoxic

conditions and altering angiogenesis °°.

In rectal cancer, mutation of p53 detected by DNA sequencing is associated with

67, 72

decreased tumour response to pre-operative radiotherapy . p53 appears to have an

impact on tumour shrinkage and histologic regression after irradiation ’*. However, no
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consensus has been reached on the predictive value of p53 expression assessed by means

of IHC 53, 54, 75-80.

1.3 Epidermal Growth Factor Receptor (EGFR)

EGFR is a 170 kDa transmembrane protein whose primary ligands, Epidermal Growth
Factor (EGF) and Transforming Growth Factor-a (TGF-a) are known activators of DNA
synthesis and cell growth 81 Ligand binding produces dimerization of the receptor, auto-
phosphorylation and activation of intrinsic protein tyrosine kinase activity leading to the
transduction of signaling pathways involved in prdliferation, cell division and
differentiation ®'. The mitogen activating protein (MAP) kinase and AKT signaling
pathways have been found to mediate intracellular EGFR signaling 8 The biologic
responses to MAP kinase induction result in increased expression of proteins governing
cell-cycle regulation. AKT, an anti-apoptotic kinase, is implicated in cell survival and
promotion of angiogenesis and has also been linked to activation of matrix

metalloproteinases facilitating tumour growth and promotion 8.8

In colorectal cancer, EGFR over-expression detected via IHC is observed in

84-89

approximately 50-70% of tumours and has been linked to tumour progression,

including advanced tumour stage, an increased risk of liver metastasis, extramural

vascular and perineural invasion and possibly worse survival 87.9092 " Although the role of

86, 93-96

EGFR as a prognostic factor remains unclear its ability to promote aggressive

tumour behavior has made EGFR an interesting target for therapeutic intervention 7.9
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Tonizing radiation is known to initiate activation of EGFR and its downstream signal
transduction pathways within minutes of exposure % The activation of Ras has been
shown to directly contribute to increased intrinsic resistance in human tumour cell lines
following exposure to low doses of radiation '°°. MAP kinase activation mediates cell
proliferation after single and repeated exposures to low doses (1.6-1.8 Gy) of ionizing

100. 101 and appears to represent the likely molecular mechanism underlying

radiation
accelerated repopulation % The selective inhibition of Ras, PI3-kinase and AKT

increases sensitivity to radiation in human colon cancer cell lines °” '%!. Inhibition of

EGFR has been linked to radio-sensitization *.

Few studies have investigated the IHC expression of EGFR in vivo and its value as a
predictive marker of tumour response to pre-operative radiotherapy. Giralt ef al. studied
EGFR THC expression in 45 pre-treatment rectal tumour biopsy specimens, and found a
negative effect of EGFR expression on tumour response 12 In a larger study of 85
patients by the same group, positive EGFR expression was associated with lack of
complete tumour regression '>. A high level of EGFR expression was linked to
decreased tumour downstaging after pre-operative chemo-radiotherapy in a study on 1’83

patients '%,

1.4 Angiogenesis
Angiogenesis is the formation of new blood vessels from pre-existing vascular networks
19 VEGF is considered one of the most potent mediators of angiogenesis involved in

both normal physiology and pathology "% Evidence suggests that VEGF is vital for
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embryonic development and survival in post-natal life '”’. Loss of both VEGF alleles
results in near complete absence of vasculature in embryos "7 Inhibition of VEGF by
gene-targeting has been shown to result in increased mortality, stunted body growth and
impaired organ development '”’. VEGF is involved in endochondral bone formation, a
fundamental mechanism for longitudinal bone growth. VEGF mRNA is expressed by
hypertrophic chondrocytes in the epiphyseal growth plate suggesting that a VEGF
gradient is needed for directional growth and cartilage invasion by metaphyseal blood
vessels '”7. Inhibition of this protein leads to near complete suppression of vessel invasion
in mice and primates, while the restoration of bone growth occurs when inhibition is
removed. VEGF is expressed in endothelial cells and in a variety of inflammatory cells
such as platelets, neutrophils, eosinophils, basophils, lymphocytes, macrophages and
mast cells, and is involved in wound healing 108, Following tissue injury, endothelial cells
up-regulate VEGF expression which results in increased vascular permeability and
hydrostatic pressure, vasodilation and finally extravasation of inflammatory cells to the

site of injury '%®'!.

1.4.1 Tumour Angiogenesis

Despite these and other important functions in normal physiology, VEGF has assumed
considerable importance for its role in tumour angiogenesis. Growing tumours will often
develop regions of hypoxia resulting from decreased blood supply from the host
vasculature and nutrient delivery to tumour cells ''*'". Subsequently, apoptosis may
occur in a  proportion of cells, leaving behind those that can sustain the

114, 115

microenvironment of vlow-oxygen tension . These hypoxia-resistant cells produce
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Hypoxia Inducible Factor-1 o (HIF-1a) which directly up-regulates VEGF expression s,
VEGF receptors, predominantly VEGFR-2 (flk/KDR) on endothelial cells, bind VEGF
which 'ultimately leads to the secretion of proteolﬁic enzymes such as urokinase
plasminogen activator, hepérin’ase and matrix metalloproteinases 196, 118 These proteins
degrade both the basement membrane and extracellular matrix via destruction of collagen
and fibronectin, leading to a “leaky” vasculature and providing a scaffold for migrating
endothelial cells ''* "7, Proliferation of endothelial cells and their organization into
hollow tubes? a process known as canalization, is supported by interactions between cell-
associated surface proteins and the extracellular matrix ''*. The creation of a new
basement membrane ensues leaving behind newly formed, tortuous, hyper-permeable
blood vessels that increase the supply of oxygen and nutrients to the tumour ''* '8,
VEGEF expression is maintained by cytokines (IL-1, IL-6), growth factors (TGF-a, TGF-

B, Platelet-Derived Growth Factor (PDGF)), inactivation of tumour suppressor genes

such as p53 and oncogenic activation of KRAS '%6 16119,

1.4.2 VEGF in Colorectal Cancer

In colorectal cancer, expression of VEGF has been linked to tumour cell proliferation,
increased risk of liver metastasis and poorer survival time > 20 21
Immunohistochemical expression of VEGF is absent in normal colorectal mucosa, but

highly immunoreactive in carcinomas '2'"'%

. Wong et al investigated the temporal
relationship between VEGF expression and tumour progression from adenoma to

carcinoma ', They found that activation of VEGF was an early event in the adenoma-

carcinoma sequence, suggesting that the “angiogenic-switch” described by Folkman may
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occur in the early-phase of colorectal tumour development '* '3 No difference in stage-
specific VEGF expression has Yet been established. Evidence suggests that VEGF
confers a survival advantage on tumour cells by up-regulating the anti-apoptotic protein
Bel-2 124 135 A correlation between VEGF, Bcl-2 and p53 mutation has also been

d 48, 60, 121

reporte . Microvessel density which is considered to be the most important

prognostic factor in patients with Stage III colorectal cancer, is strongly associated with

VEGF expression ** 12

The most important modifier of the biologic effect of ionizing radiation is the presence of
molecular oxygen ''>. The sensitivity of cells to radiation is largely a function of the
oxygen tension at the time of irradiation. Greater doses are required for equivalent cell
killing under hypoxic, compared to normoxic, conditions ''>. VEGF is activated by
hypoxia, thereby implicating this protein in the process of tumour response to ionizing
radiation. Though the exact mechanism of the oxygen effect has not yet been determined,
it is hypothesized that oxygen prolongs the half-life of free radicals generated by the
interaction of radiation with water '*. Irradiation has been reported to up-regulate VEGF
mRNA levels '%. Over-expression of VEGF following pre-operative radiotherapy has
also been demonstrated in a small number of rectal cancers '*’. Anti-VEGF treatment in
an animal model has been shown to increase radio-sensitivity under both normoxic and

hypoxic conditions '2.
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1.5 Immunohistochemistry (IHC)

IHC refers to the process of localizing proteins in cells of a tissue section, exploiting the
principle of antigens in tissue binding to their respective antibodies '**. Though initially
used in surgical pathology for diagnosis and classification of tumours, IHC is now
applied to the identification of potential prognostic or predictive markers in a variety of

tumour types including colorectal cancer 130,

A number of tumour markers involved in processes mediating the response of rectal
tumours to pre-operative radiotherapy such as apoptosis and tumour éell proliferation
have been assessed by IHC. Unfortunately, this has often produced inconclusive or
conflicting results 4! 4% 33-5% 61, 68-70,74, 78-80, 121, B1-134 "geveral factors may be contributing
to these discrepancies including differences in fixation methods, laboratory protocols and
the storage time of tissue samples "** '** 136 Moreover, the lack of standardized scoring
systems to evaluate the extent of immunoreactivity in tissues is recognized as an
important limitation of the full potential for IHC. The cut-off scores for defining tumour
“positivity” for a particular protein are often inconsistent across similar studies and are
frequently selected based on ease of interpretation *':** ¢ 12! Despite concerns regarding
its subjective nature and reproducibility, staining intensity is often incorporated into a
variety of scoring systems > '*’. The choice of scoring method, in particular the
selection of cut-off scores for positivity, is rarely addressed, but may have a significant
impact on the clinical utility of immunohistochemical findings '** '*%. In this thesis, a

methodology for determining relevant cut-off scores is proposed and validated.
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1.6 Receiver Operating Characteristic (ROC) Curves

ROC curves have been frequently applied in the clinical oncology setting to evaluate and
compare the sensitivity and specificity of diagnostic tests 138143 ‘Moreover, the threshold
value above which a test result should be considered positive for some outcome can be
determined using ROC curve analysis™®. The performance of standard and novel multi-
marker models for the prediction of response in tamoxifen-treated breast cancer patients
14 the accuracy of a serum marker to correctly diagnose recurrence of colorectal cancer
145 and the efficiency of three different imaging modalities to identify local invasion in

patients with rectal cancer are all examples of the use of ROC curves in clinical oncology

146

The same principle could be applied to the selection of relevant cut-off scores for protein
expression derived from IHC. First, protein expression should be scored semi-
quantitatively by evaluating the proportion of immunoreactive tumour cells over the total
number of tumour cells. Secondly, the sensitivity and specificity for some dichotomous
outcome, such as tumour response (response versus no response) is assessed at every
score. The ROC curve is geherated by plotting the sengitivity on the ordinate and (1-
specificity) on the abscissa. Finally, the point on the curve minimizing the trade-off
between sensitivity and specificity can be selected as a relevant cut-off score above
which “positive” expression is assigned. This score also corresponds to the point on the
curve with the shortest distance to the point (0.0, 1.0) which theoretically has the
maximum sensitivity and specificity for the outcome of interest. In order to determine the

reliability of the selected cut-off scores, a re-sampling method known as bootstrapping
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can be performed '*’. With bootstrapping, a certain number of equally sized re-samples,
usually 100 or 1000, are created from the complete dataset. For each re-sample, ROC
curve analysis is performed and a cut-off score is obtained. The distribution of cut-off
scores can be evaluated and the most frequently obtained score is then selected to

determine positivity.

The application of ROC curves in the context of IHC is based on the premise that the
semi-quantitative assessment of scores is reproducible between pathologists. Therefore
the inter-observer agreement must be confirmed prior to use. Inter-observer variation is
rarely addressed, particularly in colorectal cancer, despite recognition that this is a key
area of potential inaccuracy. Kirkegaard et al. 148 proposed the intra-class correlation
coefficient (ICC) as a measure of the amount of variation in scores evaluated in a semi-
quantitative manner. The ICC is defined as the ratio of the between-subject variance over
the (between-subject + within-subject variances) 149,130 1f the scores from different
pathologists are considered reproducible, it may be more accurate to base ROC curve
analysis on the average of these scores, in order to obtain a more precise estimate of the

“true” percentage of immunoreactivity.

1.7 Predictive Modeling of Tumour Response

The majority of studies in colorectal cancer that investigate predictive markers of tumour
response to pre-operative radiotherapy use a “magic-bullet” approach where only one
marker at a time is evaluated. Although focusing on a single potential predictive marker

may provide important information on the association of the protein with tumour
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response, a multi-marker approach could result in greater sensitivity (and specificity) for
the outcome thereby producing more clinically meaningful results. The differential gene
and protein expression profiles of rectal cancers following inadiation underline the
heterogeneity of this disease which should be reflected in the predictive models used to
assess tumour response '° '*2, Binary outcomes such as response versus no response to
pre-operative radiotherapy can be studied in multivariate analysis using classification and
regression tree (CART) analysis and logistic regression analysis "> %317,

1.8 Research Goals

The objective of this research project was to develop a predictive model of both complete
tumour response and complete or partial tumour response to a novel form of
radiotherapy, namely pre-operative high-dose rate endorectal brachytherapy (HDREB)
158 by studying the immunohistochemical expression of proteins p53, Bcl-2, APAF-1,

VEGF and EGFR from 104 pre-treatment rectal tumour biopsies.:

In Chapter 2, preliminary work is summarized. The predictive value of VEGF scored by
one pathologist is investigated on a subset of patients treated with pre-operative HDREB
with complete pathologic response or no response to therapy. In addition, the issue of
scoring systems is addressed. These findings were published in Cancer 104 (11), 2517-
2521, 2005. The expression of APAF-1 and its ability to predict complete or partial
tumour response to pre-operative HDREB is determined. These findings were reported in
Cancer 106 (2), 284-2885, 2006. Finally, CART analysis is carried out on 62 patients with

either complete or partial tumour response versus no response to pre-operative HDREB.
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The most significant tumour markers contributing to tumour response are identified and
the probability of downstaging for each combination of selected markers is obtained. The
results of this study can be found in Clinical Cancer Research 11 (15), 5440-5443,

2005.

Chapters 3 and 4 focus on the issue of scoring systems and the selection of appropriate
cut-off scores for determining tumour “positivity”. In Chapter 3, immunoreactivity for
p53, Bel-2, APAF-1 and VEGF was evaluated by four pathologists and the inter-observer
reproducibility is reported. These results were published in Modern Pathology 19 (9),
1236-42, 2006. In Chapter 4, the ROC curve methodology is described and applied for
the first time to select cut-off scores for tumour positivity. To illustrate the method, the
expression of a novel tumour marker Receptor for Hyaluronic Acid Mediated Motility
(RHAMM) '*°, was evaluated using a tissue microarray of 1197 colorectal cancers and
ROC curve analysis was carried out. Bootstrapped replications of the data were
performed 100 times in order to assess the reliability of the cut-off scores obtained in
each of the 106 re-samples. The tissue microarray was obtained from the Institute of
Pathology, University Hospital of Basel, Switzerland and did not consist of tumors
treated with pre-operative HDREB. The ROC curve methodology applied to IHC was

recently accepted by the Journal of Clinical Pathology.

The reproducibility of the semi-quantitative scoring method for the protein EGFR
between three pathologists on a large number of tumours using the same tissue

microarray of 1197 colorectal cancers was evaluated. In order to establish whether cut-off
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scores were reproducible between different pathologists, ROC curve analysis is
performed using each pathologist’s scores separately. Subsequently, ROC curve analysis
on the average scores was applied to identify the most relevant cut-offs for EGFR
positivity in colorectal cancer for several different outcomes namely T stage, N stage,
tumour grade, vascular invasion and survival time. The results of this study were recently

submitted to the British Journal of Cancer.

Finally, having demonstrated the reproducibility of both the novel scoring method and
ROC curve analysis for selecting clinically relevant cut-off scores, predictive models of
complete and complete or partial tumour response to pre-operative HDREB are
developed by logistic regression analysis in Chapter 5. The scores obtained for each
pathologist are averaged for each protein. ROC curve analysis and bootstrapping is used
on the average scores to determine relevant cut-off values for tumour positivity. Along
with the patients’ age, sex and tumour grade, univariate and multivariate analysis is
carried out using a selection procedure to identify independent predictors of tumour
response. Bootstrapping is performed to assess the reliability of the final predictive
models. Lastly, the sensitivity and specificity of the models are obtained and cross-

validated.

In this thesis, not only will tumour markers of response to pre-operative HDREB be
identified but a novel methodology for evaluating immunoreactivity of proteins and

determining cut-off scores for IHC will be proposed and validated.
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2.1 Abstract

Background: Neo-adjuvant radiotherapy for rectal cancer may result in tumour
downstaging or complete tumour regression leading to greater sphincter preservation.
The identification of molecular predictive markers of tumour response to pre-operative
radiotherapy would provide an additional tool for selecting patients most likely to benefit
from treatment. The aim of this study was to determine whether VEGF expression in pre-
irradiation tumour biopsies is a useful predictive marker of tumour response in patients
with  rectal cancer undergoing  pre-operative  radiotherapy. = Methods;
Immunohistochemistry for VEGF was performed on 59 pre-irradiation biopsies from
patients with completely responsive (ypT0O) or non-responsive tumours following pre-
operative radiotherapy. VEGF positivity was evaluated using several scoring methods
and‘ the association between VEGF and tumour response was compared. The distribution
of VEGF scores was obtained as well as the mean VEGF expression in the two response
groups. Results: The mean VEGF expression in non-responsive tumours (NR) was
significantly greater than in completely responsive tumours (CR) (p-value=0.0035).
Nearly half (47%) of all CR tumours had a VEGF expression of 10% or less. Eleven
tumours were negative (0% immunoreactivity) for the protein and all of these (100%)
were complete responders. Fifty-two percent of the NR tumours had VEGF scores of
80% or greater. The four scoring methods used to determine the association between
VEGF and tumour response each produced significant results (p-value<0.05).
Conclusions: The results of this study indicate that VEGF assessed immuno-
histochemically from pre-irradiation tumour biopsies, may be a useful marker of rectal

tumour response to pre-operative radiotherapy.
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2.2 Introduction

Neo-adjuvant radiotherapy is part of standard care for patients with advanced rectal
cancer.' This treatment has been shown to improve survival and may reduce local
recurrence rates versus surgery with or without post-operative radiotherapy.? In addition,
tumour downstaging and complete tumour regression may be achieved with pre-operative
radiotherapy leading to greater sphincter-preservation. * The ability to predict tumour
response from pre-irradiation biopsies may significantly improve the selection of patients

for pre-operative radiotherapy.

Vascular endothelial growth factor (VEGF) is a potent mediator of tumour angiogenesis.’

VEGF can be activated in tumour cells by several factors including oncogenes, tumour
suppressor genes, cytokines (IL-1, IL-6) and hypoxia resulting in secretion of proteolytic
enzymes and matrix metalloproteinases that degrade the basement membrane and
extracellular matrix surrounding the tumour.* ' These events ultimately lead to
endothelial cell migration and the formation of a new vasculature that supports the
growth of the tufnour and its nutrient requirement.8 In situ hybridization studies show that
VEGF mRNA is significantly elevated in many human cancers and is associated with
poor clinical outcome and higher aggressiveness of the tumour.>® VEGF has been shown
to up-regulate the anti-apoptotic gene BCL-2 thereby acting as a survival factor for both
endothelial and tumour cells.'” ' Activation of VEGF also leads to increased vascular
permeability of tumour vessels causing them to be “leaky” and less efficient in their

ability to diffuse oxygen caused by a decrease in partial oxygen pressure.” '* This leaky
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vasculature appears to contribute to less efficient delivery of chemotherapeutic agents to

10, 13
the tumour. ™

The aim of this study was to determine, from pre-irradiation tumour biopsies, the value of

VEGEF as a predictive marker of rectal tumour response to pre-operative radiotherapy.

2.3 Materials and Methods

Patients

Fifty nine patients with rectal adenocarcinoma were entered into the study and informed
- written consent was obtained from each. Clinical staging was performed via MRI and
EUS. Patients were treated on a pre-operative conformal high-dose rate endorectal
brachytherapy protocol followed by surgery 4-8 weeks later."* Radiation was delivered
pre-operatively with an 8-channel endorectal catheter and high-dose rate remote after-
loading system. A daily fraction of 6.5 Gy was administered over 4 consecutive days to a
total of 26 Gy. Each patient was planhed by CT simulation in order to obtain optimal

conformal dosimetry.

Pathologic evaluation of the tumour specimen post-operatively identified 30 tumours
with complete response (ypT0), and 29 with no response to radiotherapy (residual

carcinoma). Patient and tumour characteristics are summarized in Table 1.
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Immunohistochemistry

Pre-irradiation formalin-fixed paraffin-embedded tumour biopsies from all 82 patients
were collected. Immunohistochemistry for VEGF was performed using the avidin-biotin
complex (ABC) procedure, including heat-induced antigen retrieval procedures.
Incubation with polyclonal anti-VEGF antibody (Santa Cruz Biotechnology, VEGF-A20,
USA, 1:100) was carried out at 37° C for 1 hour. Negative controls were treated
identically with primary antibody omitted. Tissue from glioblastoma was used as the

positive control.

Scoring of VEGF Immunohistochemistry
Evaluation of VEGF immunoreactivity was made by two independent observers. The
percentage of positive tumour cells was determined by each observer and the average of

the two scores was obtained.

Several scoring systems have previously been used to evaluate VEGF positivity.'”!" In
this study, the average scores obtained by the observers were used to compare the
following scoring methods: 1) Negative/positive: Negative tumour with 0% VEGF
staining versus positive tumour with any degree of staining, 2) 10% cutoff: Positive
tumour with more than 10% immunoreactive tumour cells, 3) 0, 1+, 2+, 3+: Tumour is
negative for VEGF (0), has less than 20% positive cells (1+), has between 20% and 50%
positive staining (2+) or has greater than 50% staining (3+), 4) Percentages: The actual

percentage of positive tumour cell staining obtained by the observers. Assessment of
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VEGF immunoreactivity from pre-irradiation tumour biopsies was performed blinded to

post-operative tumour response.

Statistical Analysis

Patient and tumour characteristics were assessed by the Chi-square test. The Wilcoxon
Rank Sum test was used to evaluate differences in mean VEGF expression between
response groups. P-values <0.05 were considered statistically significant. Analysis of
VEGF immunoreactivity and response was carried out by the Fisher’s Exact and Chi-
square tests for scoring methods 1 to 3. Logistic regression was used to test for
differences in VEGF and tumour response in scoring method 4. All analyses were carried

out using SAS, 8" edition (SAS Institute Inc., Cary, NC, USA).

2.4 Results

Cytoplasmic immunoreactivity ranged from 0% to 100%. The mean VEGF expression in
NR tumours was 63% and was significantly greater than CR tumours (37.31%) (P-value
= (.0035). No significant association between age, gender stage or nodal status and

tumour response was found.

The distribution of VEGF scores for each response group is shown in Figure 1. Nearly
half (47%) of all CR tumours were found to have a VEGF expression of 10% or less. Of
those, 11 tumours (79%) were negative for the protein (no VEGF expression). All NR
tumours showed some degree of VEGF positivity. Fifteen of these 29 tumours (52%) had

at least 80% immunoreactivity. Ten NR tumours had more than 90% VEGF expression,
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whereas only 2 CR tumours (6%) were found in this region. The association between
VEGF expression and tumour response produced by each of the 4 scoring systems is
listed in Table 2. All methods yielded a statistically significant association between

VEGF immunoreactivity and tumour response (p<0.05).

These results appear to indicate that tumours completely responsive to pre-operative
brachytherapy most often express no or low levels of VEGF in their pre-treatment

biopsies, whereas non-responsive tumours are generally highly immunoreactive.

2.5 Discussion

The identification of molecular predictive markers of tumour response to pre-operative
radiotherapy would provide an additional tool for selecting patients most likely to benefit
from treatment. Recently, the role of VEGF in angiogenesis and, particularly, in
colorectal cancer has been investigated. Immunohistochemistry studies have shown
VEGF to be absent in normal colorectal mucosa while carcinomas are highly
immunoreactive.'® ' Wong et al investigated the temporal relationship between VEGF
expression and tumour progression from adenoma to carcinoma.'® '° They found that
activation of VEGF was an early event in the adenoma-carcinoma sequence suggesting
that VEGF may be an angiogenesis-initiating factor in the early-phase of tumour
development.'® In colorectal carcinoma, no difference in stage-specific VEGF expression
has yet been reported. Up-regulation of VEGF has been associated with poor prognosis in

patients with colorectal cancer and linked to liver metastasis. 2**!
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Hypoxia is a major inducer of VEGF actiQation which occurs primarily through the
transcription of hypoxia-inducible factor 1-alpha (HIF-1a).” Tumour growth leads to
limitations in oxygen diffusion provided by the host vasculature creating areas of
hypoxia.22 In response to this low oxygen tension, tumour cells either undergo apoptosis
or begin to produce VEGF in order to induce vasculature that will in turn increase oxygen

12 In addition, VEGF may activate Bcl-2, an anti-

delivery to sustain their surviva
apoptotic protein.'® ! This may further contribute to the survival advantage of tumour

cells expressing VEGF.

Our results show that low or absent VEGF in pre-irradiation rectal tumour biopsies is
strongly associated with complete tumour response. A comparison of mean VEGF
expression shows that non-responsive tumours are more highly immunoreactive and have
a significantly greater overall VEGF expression than completely responsive tumours. Of

those tumours negative for VEGF, all (100%) were completely responsive to therapy.

In this study, we further investigated whether a variety of frequently employed VEGF
scoring methods affect the predictive value of the protein. The overwhelming majority of
studies use a scoring method based on the 10% cutoff point.'® 2" % 2 Qur results
demonstrate that VEGF may be predictive of tumour response to pre-operative
brachytherapy regardless of the scoring system used. However, the selection of the
scoring method may have a non-negligible affect on the final interpretation of the results.
More research must be done in the area of scoring methods and how their interpretation

may affect the predictive value of the protein.
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Though most complete responders are found in the lower end of the distribution of VEGF
scores including nearly % with 10% immunoreactivity or less, approximately 26% have
more than 80% positive tumour cell staining for VEGF. One explanation for this may lie
in the fact that the expression of VEGF is not sufficient for angiogenesis to occur.”
Numerous anti-angiogenic proteins are secreted by tumour cells including endostatin,
angiostatin and thrombospondins whose apoptotic action on endothelial cells counter-
balances the effects of pro-angiogenic agents.” * The “switch” or imbalance of pro- and
anti- angiogenic factors leading to tumour angiogenesis may not have yet occurred in
these completely responsive yet highly immunoreactive tumours.® Similarli, non-
responsive tumours with low VEGF levels may be more anti-angiogenic. If so, other
mechanisms of radio-resistance may be in place in these tumours such as an imbalance of
proliferation versus apoptosis, or deregulated cell-cycle arrest. It may therefore be
important to study VEGF in combination with proteins that may have predictive potential

such as p53, p27, Bcl-2 or cyclin D and E. °

2.6 Conclusion
In summary, the results of this study indicate that VEGF assessed immunohisto-
chemically from pre-irradiation tumour biopsies, may be a useful marker in the prediction

of tumour response to pre-operative radiotherapy.
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Table 1: Patient and Tumour Characteristics (N=59)

Characteristic Female Male
Age (years)
Median 65.5 66.4
Maximum 91 . 88
Minimum : 49 38
. Tumour stage (%)
cT2 5.9 29
cT3 94.1 91.2
cT4 0 5.9
Node status (%)
Positive 35.29 29.41
Negative 64.71 70.59
Tumour response (%)
Complete 203 30.5
No response 13.6 35.6

Total 33.9 66.1
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Table 2: Comparison of scoring methods used to determine the association of VEGF and

tumour response. P-values computed from " Fisher’s Exact Test, " Chi-Square test, and

+ . . .
logistic regression.

Scoring Methods p-values
(1) Presence/Negative 0.0007"
(2) 10% cutoff 0.0153"
(3) 0, 1+, 2+, 3+ 0.0026"

(4) Percentages 0.0172"
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Figure Legend
Figure 1:
Distribution of VEGF scores for the response groups. Complete response (CR), white; no

response (NR), black.
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2.7 Abstract

Background: The aim of this study was to assess the value of APAF-1 as a predictive
marker of response in rectal tumours treated with pre-operative high-dose rate endorectal
brachytherapy. Methods: Immunohistochemistry for APAF-1 was performed on 94
rectal tumour biopsies from patients treated on a pre-operative high-dose rate brachy-
therapy protocol. Tumours were considered positive when more than 10% of tumour cells
were immunoreactive. The association between APAF-1 expression and tumour response
was made using the Chi-Square test. Results: Forty-four tumours (43%) were positive for
APAF-1. Thirty tumours had complete pathologic tumour regression following pre-
operative radiotherapy. Of these 18 were positive for APAF-1. Partial response occurred
in 35 tumours. Eighteen (51%) were positive for the protein. Only 8 of the 29 (28%) non-
responsive tumours were immunoreactive for APAF-1. A significant association was
found between complete tumour regression and APAF-1 positivity (p-value 0.018).
APAF-1 expression in partially responsive tumours was significantly greater than in non-
responsive tumours (p-value 0.03). Conclusions: APAF-1 expression from pre-treatment
rectal tumour biopsies may be a useful predictive marker of response to pre-operative

radiotherapy.
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2.8 Introduction

Apoptosis, or programmed cell death, is an essential process in normal development and
tissue homeostasis due to the countering of abnormal cell proliferation.! Inhibition or
deregulation of apoptotic pathways contribute to the pathogenesis of colorectal cancer
and have been shown to increase tumour resistance to radiotherapy.” Tumour cell
response to radiation may manifest itself primarily through the activation of pro-apoptotic

factors resulting in mitochondria-mediated cell death.’

APAF-1 is a 130kD protein that plays a central role in mitochondrial apoptosis.’ In
response to apoptotic stimuli such as radiation, APAF-1 bind§ cytochrome ¢ and pro-
caspase 9 in the presence of ATP to form a multiproteic complex called the apoptosome.
Activation of pro-caspase 9 by autocatalytic cleavage initiates a cascade of downstream

effector caspases ultimately resulting in apoptosis. 3.4

The aim of this study was to determine whether APAF-1 from pre-treatment tumour
biopsies is predictive of response to pre-operative radiotherapy in patients with locally

advanced rectal tumours.

2.9 Materials and Methods

Patients

Ninety-four patients with rectal adenocarcinoma were entered into the study and
informed written consent was obtained from each. Patients were staged according to the

International Union against Cancer classification by both endorectal ultrasonography
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(EUS) and MRI. Patients with abdominal nodal disease were excluded from the study as
were patients with distant metastases. Radiation was delivered pre-operatively with an 8-
channel endorectal catheter using a high-dose rate remote after-loading system.’ A daily
fraction of 6.5 Gy was administered over 4 consecutive ds;ys to a total of 26 Gy. Patients
were planned using a CT simulator in order to obtain optimal conformal dosimetry. The
dose was prescribed to a clinical target volume that included the gross tumour volume

and any intramesorectal deposits visible at MRI. Patients underwent cancer-directed

surgery four-to eight weeks after brachytherapy regardless of tumour response.

Pathologic response to pre-operative radiotherapy was based on post-operative evaluation
of the tumour specimen. Complete tumour response was defined as no histologic
evidence of residual viable carcinoma (ypT0), partial response was determined by the
nresence of microfnci of residual carcinoma and non-response was characterized by large

areas of residual carcinoma.

Immunohistochemistry

Immunohistochemistry was used to detect the presence of APAF-1 from each of the 94
pre-treatment tumour biopsies. Formalin-fixed, paraffin-embedded sections were cut at 3
pm and dried at 37°C overnight. Inmunohistochemistry was performed using the avidin-
biotin complex (ABC) procedure, including heat-induced epitope retrieval and enzymatic
antigen retrieval procedures. Incubation with anti-APAF-1 (Novocastra, NCL-APAF-1,
1:100) was carried out in a moist chamber at 37 °C for 1 hour. Negative controls were

treated identically with the primary antibody omitted. Positive controls consisted of
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normal skin tissue. Immunohistochemistry was evaluated by two independent observers.
Tumours were considered positive using the standard >10% cutoff scoring system.’
Evaluation of APAF-1 from pre-irradiation tumour biopsies was performed blinded to

post-operative tumour response.

Statistical analysis

The association of APAF-1 positivity and tumour response was carried out by the Chi-
Square test. Multivariate analysis of age, sex, tumour grade and clinical stage was
assessed by response. Statistics were performed using SAS Edition 8.2 (The SAS

Institute, NC, USA). P-values<0.05 were considered significant.

2.10 Results

Clinical staging revealed 3 c¢T2, 3 ¢T4, and 88 cT3 ‘umours. Age, sex and tumour grade
were not associated with tumour response. Of the 94 tumour biopsies, 43% were positive
for APAF-1. Thirty tumours had complete pathologic tumour regression following pre-
operative radiotherapy. Of these 18 were positive for APAF-1. Partial response occurred
in 35 tumours. Eighteen (51%) were positive for the protein. Only 8 of the 29 (28%) non-
responsive tumours were immunoreactive for APAF-1. A significant association was
found between complete tumour regression and APAF-1 positivity (p-value 0.018).
Similarly, APAF-1 expression in pre-treatment tumour biopsies from partially responsive

tumours was significantly greater than in non-responsive tumours (p-value 0.03).
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2.11 Discussion

Among the advantages of pre-operative radiotherapy for the treatment of locally
advanced rectal cancer is tumour regression, generally carried out by rapid mitochondria-
dependent apoptosis.' Complete pathologic tumour regression or partial tumour response
can be achieved in these tumours increasing the probability of sphincter-sparing
procedures.® The ‘ability to predict tumour response prior to treatment using
immunohistochemistry for protei‘ns involved in programmed cell death, such as AI:AF-I,
may provide an additional criterion for selection of patients for treatment with
radiotherapy. The role of APAF-1 has been investigated in melanoma, cervical cancer
and other tumour types.” ® However, its value as a predictive marker in colorectal cancer

has yet to be established.

APAF-1 appears to play a cniciai role in norm~] development. APAF-1 deficient mice
embryos typically die in utero or shortly after birth and exhibit severe craniofacial
abnormalities, retention of interdigital webs, as well as abnormal eye and inner ear
development.” APAF-1 knoékouts show brain ovgrgrowth due to hyperproliferation of
neuronal cells.'® Heterozygous mice do not show these alterations suggesting APAF-1

may function as a tumour suppressor gene.’

APAF-1 appears to be an essential component of p53-mediated apoptosis. Robles et al
identified a classic p53-responsive element upstream of the APAF-1 promoter site."'
When bound, p53 leads to the induction of APAF-1 gene expression. An inverse

correlation between p53 mutation and APAF-1 expression was found in melanoma cell
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lines.!" Evidence suggests that the E2F1 transcription factor targets APAF-1 by binding
at a site near the APAF-1 promoter region.'? This activation may lead to disruption of the

retinoblastoma (Rb) pathway resulting in apoptosis in a p53-independent manner.*

Previous studies in rectal tumours treated with pre-operative radiotherapy have
investigated the potential use of apoptotic indices (the proportion of tumour cells
undergoing apoptosis) from pre-treatment biopsies to predict tumour response.'® Indices
of 1% to 5% appear to correlate significantly with response whereas non-responsive
tumours have a lower proportion of apoptotic tumour cells (0.5% to 1.44%).'"* ! Though
a higher apoptotic index appears to correspond to a greater likelihood of response,
investigators have questioned whether assessment of apoptosis via TUNEL or H&E

might not simply be a reflection of the increased proliferation rate of the tumour. 16

The assessment of APAF-1 in rectal tumours may not necessarily be a direct reflection of
the apoptotic state of the cell but rather it’s potential for mitochondria-dependent cell
death. Other mechanisms may be influencing APAF-1 expression. For example Bc¢l-2 and
Bax, located between the inner and outer mitochondrial membrane, function to inhibit
and stimulate cytochrome c release respectively. It may therefore, be important to study

APAF-1 expression in relation to other pro- and anti-apoptotic proteins.

2.12 Conclusion
In this study, the predictive value of APAF-1 in rectal cancer was evaluated. A significant

association between APAF-1 in pre-treatment rectal tumour biopsies and response to pre-
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operative brachytherapy was found. We conclude that APAF-1 may be a useful

predictive marker of response to pre-operative radiotherapy.
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2.13 Abstract

Purpose: The ability to predict rectal tumour response to pre-operative radiotherapy prior
to treatment would significantly impact patient selection. In this study, classification and
regression tree (CART) methods were used to model tumour response to pre-operative
conformal high-dose rate brachytherapy by assessing the predictive value of VEGF, Bcl-
2, p21, p53 and APAF-1. Experimental Design: Immunohistochemistry was used to
detect VEGF, Bcl-2, p21, p53 and APAF-1 from 62 pre-treatment rectal tumour biopsies.
Scores were assigned as percentages of positive tumour cell staining and were used in
CART analysis to identify the proteins that best predicted response to radiotherapy. Ten-
fold cross-validation was used to prevent over-fitting and multiple cross-validation
experiments were run in order to estimate the prediction error. Results: Post-operative
pathologic evaluation of the irradiated tumour bed revealed 43 responsive tumours (20
with complete response (T0) and 23 with partial response) and 19 non-responsive
tumours. The optimal tree resulting from CART analysis had 5 terminal nodes with a
misclassification rate of 18%. Of the 5 proteins selected for their predictive value, VEGF
and Bcl-2 contributed most to the classification of responsive and non-responsive
tumours. All 10 tumours with no VEGF were completely responsive (TO) to
radiotherapy; 85% of those with VEGF and negative for Bcl-2 were responsive to
therapy. Conclusions: VEGF and Bcl-2 status in pre-treatment rectal tumour biopsies

may be predictive of response to pre-operative high-dose rate brachytherapy.
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2.14 Introduction

Pre-operative radiotherapy for rectal cancer can significantly improve pétient survival
and reduce local recurrence rates versus post-operative radiation or surgery alone ',
Additionally, high-dose rate pre-operative conformal endorectal brachytherapy, a novel
therapeutic approach to the treatment of invasive rectal cancer, may result in more
frequent tumour downstaging or corhplete tumour regression, leading to a greater number
of sphincter-sparing procedures > ®. The ability to predict tumour response prior to

treatment may significantly impact the selection of patients for pre-operative radiotherapy

as well as potentially modify post-operative treatment plans.

It is now recognized that the differential expression of genes governing cell-cycle arrest
and apoptosis is an important determinant of radio-response "%, In normal cells, the p53
tumour suppressor gene mediates both cell-cycle arrest and apoptosis through the
transcriptional activation of p21, BCL-2 and BAX among others °. In response to DNA
damage, p53 enhances the transcription of p21, a cyclin-dependent kinase inhibitor that
delays the progression of cells from GI1 to S phase of the cell-cycle thereby preventing
the replication of damaged DNA '°. p21 has been associated with radio-sensitivity and

improved outcome in rectal tumours following pre-operative radiotherapy -,

Mutations of p53 in rectal cancer have been linked to decreased survival, and aggressive

14, 15

malignant behavior Kandioler et a/ demonstrated by DNA sequencing that p53

mutations were predictive of lower survival rates and decreased response to pre-operative
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radiotherapy '®. Similar studies using immunohistochemistry to detect p53 protein yield

contradicting results '"?°.

p53 may alter angiogenesis by activating vascular endothelial growth factor (VEGF), a
potent mediator of new blood vessel formation in tumourigenesis "' 2. Expression of
VEGF is induced by other factors as well, most notably hypoxia £. In sifu hybridization
studies have found that transcription of VEGF mRNA in rectal tumours is up-regulated
during the progression from adenoma to carcinoma 2" 2% 2% 2 Anti-VEGF therapy in
combination with chemo- and/or radiotherapy for rectal cancer is an area of active

investigation 2%,

Disruption of mitochondrial function and release of cytochrome c are early events in the
apoptotic cascade *’. In the cytoplasm, cytochrome ¢ associates with APAF-1 initiating
the downstream cleavage of caspases eventually resulting in cell death 7”2, Though little
is known about APAF-1 function, loss or mutation of APAF-1 has been associated with
radio-resistance in several tumour types 2. Bcl-2, an anti-apoptotic i)rotein inhibiting
release of cytochrome ¢ and activation of APAF-1, is induced by VEGF and may play a

role in determining radio-response **%’.

In this study, VEGF, Bcl-2, p21, p53 and APAF-1 in pre-treatment rectal biopsies from
patients undergoing pre-operative conformal high-dose rate brachytherapy® were
evaluated by immunohistochemistry. Classification and regression tree (CART) methods

were then used to assess the value of each protein in predicting tumour response.
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2.15 Materials and Methods

Patients

This study was approved by the Research Ethics Committee of the McGill University
Health Center and informed written consent was obtained from sixty-two patients with
rectal adenocarcinoma. Clinical staging according to the International Union against
Cancer classification was carried out by both endorectal ultrasonography (EUS) and
MRI. On the occasion of a disagreement between methods, the highest stage was
assigned. Patients with abdominal nodal disease were excluded from the study as were
patients with distant metastases. Three patients had ¢T2 tumours, one had ¢T4 and 58
were ¢T3. Radiation was delivered pre-operatively with an 8-channel endorectal catheter
using a high-dose rate remote after-loading system. A daily fraction of 6.5 Gy was
administered over 4 consecutive days to a total of 26 Gy. Each patient was planned using
a CT simulator in order to obtain optimal conformal dosimetry. The dose was prescribed
to a clinical target volume that included the gross tumour volume and any intramesorectal
deposits visible at MRI. Patients underwent cancer-directed surgery four-to eight weeks

after brachytherapy regardless of tumour response.

Tumours were classified as responsive (complete or partial response) or non-responsive
to brachytherapy based on the pathologic evaluation of the specimen post-operatively.
Complete response was defined as no histologic evidence of residual viable carcinoma
(ypT0). Partial response was characterized by the presence of at least one micro-foci of

residual carcinoma. Micro-foci ranged from 0.3 cm to 0.9 cm in diameter. Non-



68

responsive tumours consisted of larger areas of residual carcinoma, rather than micro-

foci, that could be identified macroscopically and ranged in size from 2 cm to 6 cm.

Immunohistochemistry

Immunohistochemistry was used to detect p53, p21, Bel-2, VEGF and APAF-1 from pre-
-treatment tumour biopsies. Formalin-fixed, paraffin-embedded serial sections were cut at
3 um and dried at 37°C overnight. Immunohistochemistry was performed using the
avidin-biotin complex (ABC) procedure, including heat-induced epitope retrieval and
enzymatic antigen retrieval procedures. Incubation was carried out overnight at 4° C for
p21 (DAKO, clone SX118, Demﬁark, 1:100), Bcl-2 (DAKO, clone 124, Denmark, 1:100)
and VEGF (Santa Cruz Biotechnology, VEGF-A20, USA, 1:100) and in a moist chamber
at 37 ° C for 1 hour for p53 (DAKO, clone DO-7, Denmark, 1:100) and APAF-1
(Novocastra, NCL-APAF-1, 1:100). Negative controls were treated identically with
primary antibodies omitted. Positive controls consisted of tissue known to contain the
protein of interest. Immunostaining was scored as a percentage of positive tumour cells

by two independent observers.

Statistical Model

CART (Classification and Regression Tree) methods were used to determine which
proteins best predicted response to treatment °°. The CART trees were fit using the R
statistical software's tree library package (R Foundation for Statistical Computing, 2004,
Vienna Austria). The best tree fit to the full data has 8 terminal nodes (tree not shown)

with an overall misclassification rate of 16% (10 out of 62).
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In order to assess the amount of over-fitting, we performed 1000 10-fold cross-validation
experiments *'. In each of those 1000 experiments, the data set was randomly split into 10
smaller datasets and a pruning method was used to choose the best number of nodes for
the original tree pruned with respect to 90% of the data according to the misclassification
“rate for the other 10% of the data. Although the best average misclassification rate across
1000 simulations was for 5 terminal nodes, the difference between 5 terminal nodes and 1
terminal node was very small (less than 1%). With further exploration, we found that
average classification rate for 1 terminal node is primérily due to high variance re-
sampling the small number of  patients with zZero traces
of VEGF in the biopsy. With the reasonably large percentage of responsive tumours in
the dataset, many re-sampled datasets consisted primarily of responsive tumours (which
made trees with 1 terminal node competitive with 5 terminal nodes in terms of

misclassification rates).

In order to resolve the uncertainty in assessing the optifnal nurﬁber of terminal nodes for
the full data set, we conducted a two-tailed Fisher's exact test ** to test for a relationship
between the absence/presence of VEGF and response/non-response to treatment (Table
1). The p-value for the Fisher's exact test was less than 0.03, indicating a significant
relationship between absence/presence of VEGF and response/non-response to treatment.
Because of the instability of the full cross-validation due to the large effect of VEGF but
the small number of subjects with negligible VEGF, we removed those 10 observations
from the subsequent CART analyses. We fit a new classification tree with the remaining

52 observations and, using 100 10-fold cross-validation experiments, obtained an optimal



70

tree with 4 terminal nodes. An average cross-\}alidated 22% misclassification rate on the
4-node sub-tree was observed conditioning on positive VEGF levels. We want to
emphasize that the best number of terminal nodes for full dataset is 5 and that our sub-
analysis using Fisher's exact test is merely to confirm that there is strong evidence that
VEGF can be used to predict responsiveness to tumours and moderately strong evidence
‘that the remainder of the splits in our 5-node tree can improve classification rates beyond

that first split.

2.16 Results

Post-operative pathologic evaluation of the irradiated tumour bed gave rise to 43
responsive tumours (20 with complete response and 23 with partial response) and 19 non-
responsive tumours. The tumour stage distribution before and after brachytherapy may be
found in Table 2. Cytoplasmic immunoreactivity for VEGF, APAF-1 and Bcl-2 ranged
from 0% to 100% tumour cell staining. Nuclear immunoreactivity for p53 and p21 varied

from 0% to 100% and from 0% to 40% tumour cell staining respectively.

Of the 5 proteins initially selected for their potential predictive value, only VEGF, Bcl-2
and p21 contributed to the classification of responsive and non-responsive tumours
(Figure 1). All ten tumours with no VEGF immunoreactivity were completely responsive
to therapy (ypT0). Those with more than 2% VEGF expression were further sub-divided
by the percentage of positive tumour cell staining for Bel-2 and p21. A high classification
rate was reached for tumours with no Bcl-2 ahd less than 92.5% immunostaining for

VEGF. Such tumours were responsive to therapy in over 85% of cases whereas those
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with greater VEGF levels were largely non-responsive (71%). Less efficient
discrimination was observed in Bcl-2 positive tumours. Of the 10 Bel-2-positive tumours,

8 had less than 1.5% tumour cell staining for p21.

2.17 Discussion

As tumours grow, their requirement for oxygen and nutrients expands beyond the limit of
oxygen diffusion provided by the host vasculature 33, This creates a microenvironment of
hypoxia in the central region of the tumour resulting in apoptosis in cells susceptible to
low oxygen tension **. Persistent hypoxic conditions lead to the production of VEGF %.
This cytokine serves as a mitogen for endothelial cells and activates proteolytic enzymes
involved in the degradation of the basement membrane as well as the extracellular matrix
B These processes ultimately result in the growth of a tumour vasculature. The new
blood vessels are characterized by increased permeability rendering less efficient the
delivery of chemotherapeutic agents and decreasing response to radiotherapy 2 2.
Several studies have investigated serum VEGF levels as a prognostic marker in patients

with colorectal cancer. A significant association between elevated pre-operative serum

VEGF and worse prognosis has been reported *>%".

VEGF has also been shown to act on tumour cells by inducing Bcl-2 2 38 Early in the
colorectal adenoma-carcinoma sequence both VEGF and Bcl-2 appear to be up-regulated
% In invasive cancer, VEGF levels increase whereas Bcl-2 expression may be
significantly reduced **. Bcl-2 could therefore be important primarily in sustaining cell

survival under initial hypoxic conditions until oxygen and nutrients can be reached via
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diffusion from newly formed tumour vessels. The presence of VEGF is likely an indirect

reflection of the hypoxic state of the tumour.

Of the 10 tumours in this study that had no VEGF, all (100%) were responsive to
radiotherapy. Absence of the protein may signify a well-oxygenated tumour that has not
yet acquired the need for additional tumour vessels. Vascular permeability and partial
oxygen pressure are maintained thereby enhancing tumour response. Bcl-2-negative
tumours with low levels of VEGF may not only be retaining their vascular permeability
but might also be more susceptible to radiotherapy due to a lessened aﬁti-apoptotic signal.
In this study, 85% of tumours with no Bcl-2 and with VEGF less than 92.5% were
responsive to therapy. Non-responsive Bcl-2-negative tumours with nearly all cells
positive for VEGF may no longer require the survival advantage of Bcl-2 provided

angiogenesis has already occurred.

Several studies have described both proliferation- and apoptosis-inhibiting roles for p21
% Others have reported an association between p2l in pre-treatment rectal tumour
biopsies and sensitivity to pre-operative radiotherapy 2 In our study, p21 negative/bcl-2
positive tumours were largely non-responsive to treatment (73%); p21 positive/bel-2
negative tumours were generally associated with responsiveness (71%). However, due to
the small number of tumours in our sample it may be imprudent to draw a conclusion

regarding p21 from these data.
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There may be several factors confounding the results of this study. First, misclassification
of clinical stages using MRI for rectal cancer has recently been reported as high as 15%
for pT3 tumours . More than 95% of patients included in this study were staged by MRI
as ¢T3. This may be an over-estimation of the true number of T3 tumours in our sample.
The results of this study may prove to be stage-dependent. Second, protein expression in
biopsies may not be representative of the entire tumour. p21 positive nuclei, for example,
cluster and are typically concentrated in the upper 1/3 of the colorectal mucosa. This may
possibly be contributing to the inconclusive results involving p21*%. Thirdly, it is
reasonable to assume that the time delay between pre-operative brachytherapy and
surgery varies between patients. This difference may be affecting the pathologic

diagnosis of response/non-response in these tumours post-operatively.

Despite these limitations, the results of this study suggest that VEGF and Bcl-2 status in
pre-treatment biopsies are important in predicting response of invasive rectal tumours to
pre-operative brachytherapy. Tumours absent for VEGF were associated with complete
response to therapy. Those negative for Bcl-2 and with less than maximum

immunoreactivity for VEGF were most frequently responsive to radiotherapy (85%).

Whether these results may be upheld across other treatment regimens such as
neoadjuvant radio-chemotherapy remains to be seen. There is evidence to suggest that
4345

VEGF, Bcl-2 and p21 may play a role in predicting tumour response to this therapy

It may however be important to tailor the selection of proteins used in the classification
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and regression tree to incorporate other potential predictive markers specific to this

treatment.

2.18 Conclusion
VEGF and Bcl-2 status in pre-treatment tumour biopsies may prove to be an additional
tool in patient selection for pre-operative high-dose rate endorectal brachytherapy. A

large-scale prospective study is necessary to validate these preliminary findings.
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Table 1: Two-way table displaying the deleterious effect of positive VEGF levels on

response to treatment (p-value for Fisher's exact test of independence < 0.03).

Response to Treatment

VEGF Above 0 No : Yes Total
Yes 19 33 52
No 0 10 10

Total 19 43 62




Table 2: Tumour stage distribution before and after brachytherapy

79

TO T1 T2 T3 T4 Total
Pre-treatment clinical stage (¢<T) @ ------ - 3 58 1 62
Post-operative pathological stage (ypT) 20 11 17 14 0 62
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Figure Legend:

Figure 1: Optimal tree chosen by cross-validation after preliminary step classifying by
absence or presence of VEGF. The two sets of numbers underneath each terminal node
are (Number of observed non-responsive subjects, Number of observed responsive
subjects) and (Proportion of observed non-respoﬁsive subjects, proportion of observed

responsive subjects), respectively for each terminal node.



VEGF<1

Response
(0, 10) BCl°2l<025
(0.00, 1.00)
VEGF<92.5 p21<1.5
Response Non-response Non-Response Response
4, 23) 3,2) (8,3) 2,5)
(0.15, 0.85) (0.71,0.29) (0.73,0.27) (0.29,0.71)

Figure 1
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CHAPTER 3: Inter-observer Reproducibility of a Scoring System Based on

Percentage of Positive Tumour Cells

Rather than selecting pre-determined cut-off scores to determine positivity for the
proteins in Chapter 2, IHC expression was scored semi-quantitatively. This scoring
method, chosen at the outset, has several advantages over the more traditional scoring
systems commonly used to assess protein expression. It allows one to determine how the
choice of scoring system or cut-off score influences the association of the protein and the
outcome. More sophisticated statistical approaches, such as CART analysis, can be
employed. Most importantly, by evaluating scores quantitatively, more clinically relevant
cut-off scores for defining tumour positivity can be selected.

The value ofi this novel scoring method would be limited to its reproducibility between
different pathologists. Therefore, in Chapter 3 the inter-observer reproducibility of the

semi-quantitative scoring system is determined.
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3.1 Abstract

Aims: Molecular tumour markers are often studied in colorectal cancer using
immunohistochemistry to determine their prognostic or predictive value. Protein
expression is typically assigned a “positive;’ score based on a pre-determined cutoff. A
semi-quantitative scoring method that evaluates the percentage of positive tumour cells
(0%-100%) may provide a better understanding of the prognostic or predictive
significance of these markers. The aim of this study was to assess and compare the inter-
observer agreement of immunohistochemistry scores using a percentage scoring method
and three categorical scoring systems. Methods and Results: Immunohistochemistry for
P53, Bel-2, vascular endothelial growth factor (VEGF) and apoptotic protease activating
factor-1 (APAF-1) was performed on 87 tumour biopsies from patients with rectal
carcinoma and scored independently by four pathologists as the percentage of positive
tumour cells. Inter-observer agreement was assessed by the intra-class coﬁelation
coefficient. The intra-class correlation coefficients for p53 and VEGF (>0.6) indicate
substantial agreement between observers. The distribution of Bcl-2 and APAF-1 scores in
addition to weaker inter-observer agreement by percentage scoring suggest that this
approach may not be appropriate for these proteins. Conclusions: p53 and VEGF protein
expression assessed by immunohistochemistry in colorectal cancer and scored as a

percentage of positive tumour cells may be a viable alternative scoring method.
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3.2 Introduction

Although the TNM stage remains the most significant independent prognostic indicator
in patients with colorectal cancer, pathologically identical tumours may neither respond
to ‘treatment uniformly nor have similar survival rates (1). A number of molecular
markers involved in proliferation (p53), apoptosis (Bcl-2, APAF-1) and angiogenesis
(VEGF) are currently being investigated to determine their value as prognostic or

predictive factors and in turn their potential for integration into clinical practice (2,5).

Immunohistochemistry is an indispensable research and diagnostic tool used to assess the
presence or absence of molecular tumour markers on paraffin-embedded tissue (6).
Tumour positivity for a given marker is frequently evaluated using pre-determined
cutoffs such as 10% (<10% tumour cells staining = negative, >10% = positive) (4, 7-10).
The employment of categorical scoring systems is motivated by the ease of interpretation
of positive tissue by pathologists and is further supported by substantial inter-observer
agreement. However, they assume that more detailed analysis of protein expression
between 10% and 100%, for example will not contribute any additional relevant

information in predicting outcome (11).

A semi-quantitative scoring method that assigns immunohistochemistry scores as a
percentage of bositive tumour cells (the number of positive tumour cells over the total
number of tumour cells) may provide a more complete assessment of protein expression
and a clearer understanding of the roles played by potential tumour markers in predicting

outcome. Most importantly, by evaluating immunohistochemistry expression semi-
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quantitatively at the outset, more relevant cutoffs for tumour positivity may be
established for the protein and outcome of interest.

The greatest concern facing such a percéntage scoring method is the reproducibility of
the scores. In this study, we assess the inter-observer agreement of
immunohistochemistry scores for 4 tumour markers known to play a role in progression
of colorectal carcinoma and response to radio-therapy namely p53, VEGF, Bcl-2 and
APAF-1 and compare the inter-observer agreement of percentage scoring to that of three

categorical scoring systems.

3.3 Materials and Methods

Immunohistochemistry

Eighty-seven pre-treatment formalin-fixed paraffin-embedded diagnostic rectal biopsy
tissues were collected from a series of patients with rectal adenocarcinoma undergoing
pre-operative endorectal brachytherapy (12). Serial sections were cut at 3 pm and
immunohistochemistry by the avidin-biotin complex (ABC) procedure, including heat-
induced epitope retrieval, was undertaken. Incubation with the primary antibody was
carried out in a moist chamber for 1 hour at 37 °C for p53 (DAKO, clone DO-7,
Denmark, 1:100) and at room temperature for VEGF (Santa Cruz Biotechnology, VEGF-
A20, USA, 1:100) and APAF-1 (Novocastra, NCL-APAF-1, 1:40). Overnight incubation
at 4° C was performed for anti-Bcl-2 antibody (DAKO, clone 124, Denmark, 1:100).
Negative controls were treated identically with the primary antibodies omitted. Positive

controls consisted of tissue known to contain the protein of interest.
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Evaluation of Immunohistochemistry

Nuclear positivity for p53 and cytoplasmic positivity for VEGF, Bcl-2 and APAF-1 were
evaluated only in areas of invasive carcinoma. Immunoreactivity was séored as the
number of positive tumour cells over tdtal tumour cells, independently by four
pathologists (CCC, JRJ, RPM, AL); in general each slide took on average 30 seconds or
less to score. No specific instructions or illustrations were presented to pathologists to
assist in their evaluation. Percentage scores were subsequently categorized using the 0%
cutoff (0% staining versus any staining), the 10% cutoff (<10% tumour cell staining
versus >10% staining) and a three-category scoring system consisting of 0% staining,

between 1% and 50% staining and >50% staining.

Statistical Analysis

The inter-chserver agreement for the 0%, 10% and 0%, 1-50%, >50% cutoff scoring
systems were evaluated using Light’s Kappa coefficient (13). The Kappa coefficient (k)
is a useful measure of agreement for categorical data as it takes into account the
probability that observers achieved the same scores by chance. General guidelines for the
interpretation of Kappa suggest that values between 0.81-1.0 should represent “almost
perfect” agreement, 0.61-0.80 “substantial” agreement, 0.41-0.60 “moderate” agreement, _

0.21-0.40 “fair” agreement, and 0-0.20 “slight” agreement (14).

The intra-class correlation coefficient is the most commonly used method to assess inter-
observer agreement for quantitative measurements (15). Similar to the¢ simple Pearson

correlation coefficient that measures association, the intra-class correlation coefficient
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additionally estimates agreement between scores from different observers on the same
patients. The closer the intra-class correlation coefficient is to 1, the better the agreement
between observers. The intra-class correlation coefficient was employed to assess inter-

observer agreement of percentage scores.

Although no recommendations for the interpretation of the intra-class correlation
coefficient have been detailed, reports in the literature have supported the use of the
following guidelines: a coefficient of reliability >0.75 indicates “strong” agreement,
between 0.4 and 0.75, “good” agreement, and <0.4, “poor” agreement (16). It has also
been suggested that the values for the Kappa coefficients may be equivalent to the intra-

class correlation coefficient making their direct comparison appropriate (17).

Confidence intervals (95%) were found by 10 000 bootstrap replications of the dataset.

All analyses were carried out using SAS Version 8.2 (The SAS System, NC, USA).

3.4 Results

pS3

Overall mean p53 protein expression was 37% (Table 1). Approximately 72% of tumours
were positive for the protein. The frequency distribution of p53 scores was nearly
uniform above 0% (Figure 1). The reproducibility of p53 scores was substantial for both
percentage scoring and the 10% cutoff (intra-class correlation coefficient=0.755 and
k=0.740 respectively) (Téble 2). Excellent agreement was achieved when no positivity

(0%) versus any positivity was evaluated (x=0.831). The 0%, 1-50%, >50% scoring
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method produced the least amount of agreement between observers. p53 staining was
evaluated with less difficulty when no nuclei or nearly all nuclei were positive for the
protein (Figure 2a). Staining intensity was generally moderate to strong. Positivity was
confined to‘tumour cell nuclei in the majority of cases. Both the presence of cytoplasmic
positivity (Figure 2b) and weak staining intensity in nuclei were largely responsible for

the variation in scores.

VEGF

The distribution of VEGF scores was U-shaped (Figure 1) with an overall mean
cytoplasmic expression of 45% (Table 1). The intra-class correlation coefficient for
percentage scoring was 0.624 reflecting a substantial degree of inter-observer agreement
(Table 2). The categorical scoring systems yielded moderate agreement between
observers, the least reproducible being the 0%, 1-50%, >50% method. The intensity of
staining for VEGF varied from weak to strong (Figure 2c). Considerable disagreement
between scores could be attributed to wgakly stained tumour cells. Infiltration of tumours
with a large number of neutrophils may have contributed to the over-estimation of the

number of positive tumour cells (Figure 2d).

Bcl-2

Approximately 76% of tumours demonstrated complete absence of Bcl-2 (Figure 1).
Mean Bcl-2 expression was less than 10% (Table 1). Moderate inter-observer agreement
was found for percentage scoring as well as for the 0% and 10% cutoffs (Table 2).

Agreement was weakest for the 0%, 1-50%, >50% scoring method (k=0.407). Staining
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intensity was the primary cause of disagreement of scores between pathologists. Though
lymphocytes reacted strongly with the Bcl-2 antibody, only weak to moderate staining
was found in tumours expressing the protein (Figure 2¢). Infiltration of tumours with
large numbers of lymphocytes may have .also contributed to disagreement in percentage

scores (Figure 2f).

APAF-1

Mean APAF-1 expression determined by each of the four pathologists varied
significantly from 2.6% to 29% (Table 1). Approximately 64% of tumours were
completely negative for the protein (Figure 1). Moderate agreement was achieved for
percentage scoring, as well as for the 0% and 10% cutoffs. The strongest agree‘ment was
produced when no staining (0%) versus any positive staining was evaluated (k=0.514).
APAF-1 positivity was strong in neutrophils and normal mucosa but only weak to
moderate staining occurred in tumours expressing the protein (Figure 2g). Substantial |

neutrophilic infiltration in tumours may have led to disagreement between observers

(Figure 2h).

3.5 Discussion

The usefulness of any immunohistochemistry scoring method is limited not only to its
ability to optimize the prognostic or predictive value of tumour markers but also to its
reproducibility. Studies on inter-observer agreement in colorectal carcinoma are
uncommon. Several studies using the 10% cutoff scoring method describe a high degree

of concordance between pathologists evaluating positive and negative tumours (18-20).



91

This type of agreement typically overestimates true categorical agreement by ignoring the
~ probability that scores were obtained by chance, an important consideration when scores

are not evenly distributed as was seen for Bcl-2 and APAF-1 in this study (21).

The reproducibility of p53 scores either as percentages or by way of the 10%. cutoff
scoring method was high. Although agreement was strongest at the 0% cutoff, the
distribution of p53 expression suggests that it may be important to evaluate the complete
range of scores. The inter-observer agreement of percentage scores for VEGF in this
study was higher than those for the 0% and 10% cutéffs. The distribution of VEGF scores
indicates that percentage scoring may provide additional information about the protein
that would otherwise go unrecognized by categorizing positivity according to pre-
determined cutoffs. We recently demonstrated in patients with rectal cancer undergoing
pre-operative r_adiotherépy that mean VEGF expression was significantly higher (63%) in
biopsies from patients with non-responsive tumours than from tumours with complete
pathologic response (37%) (p-value=0.0035) hence exemplifying the use of percentage

scores (22).

The reproducibility of Bcl-2 percentage scores was similar to the 10% cutoff. The
greatest inter-observer agreement was found using the 0% cutoff. Approximately 76% of
tumours in this study were completely negative for the protein. This result is in line with
the literature which states that the frequency of Bcl-2 expression in rectal carcinoma is
less than 30% (23). Kim et al demonstrated that the rate of Bcl-2 over-expression

decreases with more advanced Dukes stage (23). In this study, 98% of rectal biopsies
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were taken from patients with clinically diagnosed ¢T3 tumours. This may have biased
our results in favor of the 0% cutoff and against percentage scoring as over-expression of
Bcl-2 would not be expected to vary significantly in this sample. The inter-observer
agreement of percentage scores may be better assessed in colorectal adenomas known to
frequently over-express the protein (23). Our results show that Bcl-2 expression scored as
0% positive tumour cells versus any tumour cell staining leads to the highest degree of

inter-observer agreement in rectal tumours of the same stage.

Recent evidence suggests that APAF-I may function as a tumour suppressor gene (24).
Loss of tumour suppression leads to loss of wild-type APAF-1 protein translating into
absence of staining via immunohistochemistry. It is therefore reasonable to suggest that
the 0% scoring method with the highest degree of inter-observer agreement may be a
more meaningful method of evaluation than scoring by percentages for this protein.
Although p53 acts as a tumour suppressor gene as well a similar argument against
percentage scoring cannot be used (25). The short half-life of wild-type p53 renders the
protein undetectable to immunohistochemistry (26). Immunohistochemistry for mutant
p53 is based on the assumption that the abnormal protein cannot act as a transcriptional
factor hence accumulating in the cell (25). A comparison or DNA sequencing analysis
and immunohistochemistry to detect mutant p53 has revealed a significant false-positive
rate for the latter (25). Immunostaining with p53 antibodies appears therefore to detect
abnormal accumulation of p53 in the cell and is not limited to detection of the mutant
protein. It is possible that p53 scores evaluated as the percentage of abnormal

accumulation of p53 will prove to be a useful predictive factor.
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Percentage scoring should allow a more thorough assessment of the predictive or
prognostic  significance of tumour markers. The correlation between the
immunohistochemistry expressions of several proteins can be assessed. Pich et al
performed percentage scoring of Ki-67, PCNA and MIB-1 expression in non-Hodgkin
lymphoma (27). They found a strong linear correlation for all proteins and used this
finding to argue that Ki-67, PCNA and MIB-1 labeling were reliable and complementary
methods to assess the proliferative activity of intermediate grade non-Hodgkin
lymphoma. By studying the mean expression of Ki-67, PCNA and MIB-1, they identified
sub-types of intermediate grade non-Hodgkin’s lymphoma with potentially different

prognoses.

Logistic regression is often used to select predictive factors from a pool of possible
tumour, host or treatment variables. The risk of development of cancer using serum
tumour markers (such as CEA), or the probability of local tumour control with varying
doses of radiation are examples of logistic regression with quantitative variables to
predict outcome (28, 29). Percentage scoring of immunohistochemi.stry can be applied
similarly to determine how the odds of a binary outcome (response/no response to

treatment) change with increases or decreases in protein expression.

Finally, by first quantifying scores, other statistical approaches such as receiver operating
characteristic (ROC) analysis can be used to determine the sensitivity and specificity of
tumour markers as well as the optimal cutoffs for positivity (28). By percentage scoring

we have shown how classification and regression tree (CART) methods could be used to
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select proteins playing a role in predicting rectal tumour response to pre-operative
radiotherapy and to determine the protein cutoff values for optimal discrimination

between responsive and non-responsive tumours (30).

3.6 Conclusion

Percentage scoring of immunohistochemistry expression in colorectal tumours may be
suitable for proteins that exhibit a wide range of tumour cell positivity with moderate to
strong staining intensity and a high degree of inter-observer agreement. The results of this
preliminary study on the inter-observer agreement of percentage scoring demonstrate that
the evaluation of p53 and VEGF using this approach appears to be a reproducible method

and viable alternative for the evaluation of immunohistochemistry.
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Table 1: Mean and standard deviation of scores (%) for pathologists 1 to 4 and overall

mean protein expression
Overall 1 2 3 4
- p53 3690+ 34.09 3407+3390 344312961 32.36+28.67 46.71+41.27
VEGF 45.15£37.69 51.96+39.07 39.26+3443 31.11+11.03 58.58+39.93
Bcl-2 947+2298 14.16+28.02 927+2233 4.14+13.46 10.06+2448
APAF-1 17.70+£3221 2922+3927 1485+2621 26+799 2397+3836
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Table 2: Intra-class correlation coefficient measuring agreement between percentage

scores and Kappa coefficients (k) measuring agreement of scores using the 0% cutoff,

10% cutoff and 0%, 1-50%, >50% cutoffs. Intervals represent 95% confidence intervals.

. K K K
Intraclass correlation 0/ gy (10% cutoff) (0%, 1-50%, >50%
coefficient
. cutoffs)
P33 86 955067,082)  0.831(0.73,092) 0.740(0.63,0.84)  0.588 (0.48, 0.68)
VEGE 87 (624(0.52,071)  0.565(039,0.71) 0.569 (0.45,0.68)  0.434(0.33,0.53)
B2 79 0533(034,069)  0.561 (0.43,0.68)  0.49 (0.33,0.63) 0.407 (0.26, 0.55)
APAF-1 85

0.497 (0.41, 0.58)

0.514 (0.40, 0.62)

0.434 (0.33, 0.53)

0.377 (0.30, 0.45)
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Figure Legend

Figure 1: Distribution of p53, VEGF, Bcl-2 and APAF-1 scores
Figure 2: p53 (A, B), VEGF (C, D), Bcl-2 (E, F) and APAF-1 (G, H) staining. Tumours
in panels A, C, E and G resulted in a high degree of inter-observer agreement whereas

those in B, D, F and H lead to low inter-observer agreement.
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CHAPTER 4: Application of Receiver Operating Characteristic (ROC) Curves to

the Selection of Relevant Cut-off Scores for Positivity

In Chapter 3, the semi-quantitative scoring method for evaluating IHC was found to be
reproducible. The entire range of protein expression scores from 0% to 100% can
therefore be analyzed using statistical approaches for quantitative data. In the following
Chapter, a well-established method for determining threshold values, namely ROC curve
analysis, is applied for the first time to select more clinically relevant IHC cut-off scores
for defining positive protein expression. The methodology is proposed and validated on a
large set of cqlorectal cancers with complete clinico-pathological data for the protein
RHAMM. In addition, re-sampling of the data by bootstrapping is performed to
determine the reproducibility of the selected cut-off scores. Finally, the consistency of
sélected cut-off scores between three independent pathologists is assessed for the protein

EGFR using the tissue microarray (TMA) approach.
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4.1 Abstract

Aims: Cut-off scores for determining positivity of biomarkers detected by
immunohistochemistry are often set arbitrarily and vary between reports. In the present
study we evaluate the performance of receiver operating characteristic (ROC) curve
analysis in determining clinically important cut-off scores for a novel tumour marker,
RHAMM, and demonstrate the reproducibility of the selected cut-off scores in 967
mismatch-repair (MMR) proficient colorectal cancers (CRC). Methods:
Immunohistochemistry for RHAMM was performed using a tissue microarray of 967
MMR-proficient CRC. Immunoreactivity was scored using a semi-quantitative scoring
method by evaluating the percentage of positive tumour cells. ROC curve analysis was
performed for T stage, N stage, tumour grade, vascular invasion and survival. The score
with the shortest distance from the curve to the point with both maximum sensitivity and
specificity, i.e., the point (0.0, 1.0), was selected as the cut-off score leading to the
greatest number of tumours correctly classified as having or not having the clinical
outcome. In order to determine the reliability of the selected cut-off scores, 100-
bootstrapped replications were performed to re-sample the data. Results: The cut-off
score for T stage, N stage, tumour grade and vascular invasion was 100% and that for
survival 90%. The most frequently selected cut-off score from the 100 re-samples was
also 100% for T stage, N stage, tumour grade, and vascular invasion and 90% for
survival.

Conclusions: ROC curve analysis can be used as an alternative method in the selection
and validation of cut-off scores for determining clinically relevant threshold for

immunohistochemical tumour positivity.
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4.2 Introduction

Immunohistochemistry (IHC) is an indispensable research tool frequently used to study
tumour progression and prognosis in colorectal cancer (CRC). However, the clinical
utility of its findings is largely dependent on the methods used to evéluate
immunoreactivity. A large number of studies in CRC define positive protein expression
using a pre-determined and often arbitrarily set cut-off score, frequently 10%'". In
addition, staining intensity is often assessed despite concerns of subjectivity,
reproducibility and the effect of storage time on tissue samples 1246 The choice of
scoring method, in particular the selection of cut-off scores for positivity is rarely
addressed. The lack of standardized scoring systems has led to a wide range of methods,
many unvalidated, for evaluating IHC in CRC. This factor may largely be responsible for
the contradictory results of similar studies evaluating the same protein and the difficulty

in ascertaining the prognostic value of potential tumour markers !’.

Receiver operating characteristic (ROC) curves are commonly used in clinical oncology
to evaluate and compare the sensitivity and specificity of diagnostic tests '*2. In
addition, they allow one to identify the threshold value above which a test result should
be considered positive for some outcome '8 Established applications of ROC curve
analysis'in clinical oncology include the performance of standard and novel multi-marker
models for the prediction of response in tamoxifen-treated breast cancer patients 24, the

accuracy of carcinoembryogenic antigen to correctly diagnose recurrence of CRC

compared to other serum markers 25 and the efficiency of magnetic resonance imaging
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(MRI), computerized tomography (CT) and endoluminal ultrasonography (EUS) to

identify local invasion in patients with rectal cancer .

ROC curve analysis could be applied similarly to evaluate IHC protein expression and to
select biologically or clinically relevant cut-off scores for tumour positivity. We have
recently demonstrated that the receptor for hyaluronic acid mediated motility (RHAMM)
is an independent prognostic factor and appears to play a role in tumour progression in
CRC ¥, However, RHAMM is a novel tumour marker and an established cut-off score
for this protein has not previously been reported. Therefore, in the present study we
evaluate the performance of ROC curve analysis in determining clinically important cut-
off scores for RHAMM and demonstrate the reproducibility of the selected cuf—off scoreé

in 967 mismatch-repair (MMR) proficient CRC.

4.3 Materials and Methods

Tissue Microarray (TMA) Construction

A TMA of 1420 unselected, non-consecutive CRCs was constructed . Briefly, formalin-
fixed, paraffin-embedded tissue blocks of CRC resections were obtained. One tissue
cylinder with a diameter of 0.6 mm was punched from morphologically representative
tissue areas of each donor tissue block and brought into one recipient paraffin block (3 x

2.5 cm) using a homemade semiautomated tissue arrayer.
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Clinico-pathologic data
The clinico-pathologic data for all patients included T stage (T1, T2, T3 and T4), N stage |
(NO, N1 and N2), tumour grade (G1, G2 and G3), vascular invasion (presence or
absence) and disease-specific survival. The distribution of these features is described

elsewhere %,

IHC

Four-micron sections of TMA blocks were transferred to an adhesive-coated slide system
(Instrumedics, Inc., Hackensack, NJ). Briefly, 1420 CRC punches were dewaxed and
rehydrated in dH,O. Endogenous peroxidase activity was blocked using 0.5% H;0;. The
sections were incubated with 10% normal goat serum (Dako Cytomation, Carpinteria,
CA) for 20 min and incubated with primary antibody at room temperature (MLHI1 clone
MLH-1, BD Biosciences Pharmingen, San Jose, CA; MSH2 clone MSH-2, BD
Biosciences Pharmingen, San Jose, CA; MSH6 clone 44, Transduction Laboratories;
RHAMM clone 2D6; Novocastra, UK). Subsequently, sections were incubated with
peroxidase-labeled secondary antibody (DakoCytomation) for 30 min at room
temperature. For visualization of the antigen, _the sections were immersed in 3-amino-9-
ethylcarbazole+substrate-chromogen (DakoCytomation) for 30 min, and counterstained

with Gill’s haematoxylin.

IHC Evaluation
Cytoplasmic immunoreactivity was scored in a semi-quantitative manner by evaluating

the proportion of positive tumour cells over total tumour cells in 5% increments (0%, 5%,
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10%, ..., 100%). MLH1, MSH2 and MSH6 were scored in the nucleus as negative (0%)

or as positive (>0%).

MMR status

The 1420 CRCs were stratified according to DNA MMR status: (1) MMR-proficient
tumours expressing MLH1, MSH2 and MSH6, (2) MLHI1-negative tumours, and (3)
presumed HNPCC cases demonstrating loss of MSH2 and/or MSH6 at any age, or loss of
MLHI1 at <55 years 30, Only MMR-proficient tumours were included in this study (n

=1197, 84.4%).

Statistical Methods

Selection of cut-off scores

The selection of clinically important cut-off scores for RHAMM expression was based on
ROC curve analysis '®. At each percentage score for RHAMM expression, the sensitivity
and specificity for each outcome under study was plotted, thus generating a ROC curve.
The score having the closest distance to the point with both maximum sensitivity and
speciﬁcity, i.e., the point (0.0, 1.0) on the curve, was selected as the cut-off score leading
to the greatest number of tumours which were correctly classified as having or not having
the clinical outcome. In order to use ROC curve analysis, the clinico-pathological
features were dichotomized: T stage (early (T1+T2) or late (T3+T4)), N stage (NO (no
lymph node involvement) or >NO (any lymph node involvement)), tumour grade (low
(G1 + G2) or high (G3)), vascular invasion (absent or present), and survival (death due to

CRC or censored (lost to follow-up, alive or death from other causes)).
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Reproducibility of cut-off scores

In order to determine the reliability of the selected cut-off scores, 100-bootstrapped
replications were performed to re-sample the data®’. With bootstrapping, 100 re-samples
of equal size are created and ROC curve analysis is performed for each sub-group. The
most frequently obtained cut-off score (mode) over the 100 re-samples and the area under
the ROC curve (AUC) and 95% confidence interval (CI) were acquired for each analysis.
The AUCs summarize the discriminatory power of RHAMM over the entire range of
scores for each outcome with values of 0.5 indicating low power and those closer to 1.0
higher power. All apalyses were carried out using SAS (Version 9, The SAS Institute,

Cary, NC, USA).

4.4 Results

IHC

Immunoreactivity was evaluated in 967 of the 1197 MMR-proficient CRC, the
discrepancy arising from lack of tissue or tumour in several TMA punches.

Immunoreactivity ranged from 0% to 100%.

Selection of cut-off scores

The ROC curves for each clinico-pathological feature (Figure 1) clearly illustrate the
point on the curve closest to (0.0, 1.0) which maximizes both sensitivity and specificity
for the outcome. The cut-off score for T stage, N stage, tumour grade and vascular

invasion was 100% and that for survival 90%.
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Reproducibility of selected cut-off scores

The distribution of cut-off scores obtained from 100 re-samples of the data is shown in
Figure 2. The most frequently selected cut-off score was 100% for T stage, N stage,
tumour grade, and vascular invasion whereas that of survival was determined to be 90%.
The AUC (95%CI) was 0.54 (0.49-0.58) for T stage, 0.56 (0.52-0.60) for N stage, 0.58
(0.52-0.65) for tumour grade and 0.54 (0.50-0.58) for vascular invasion. The AUC for

survival was considerably higher at 0.69 (0.65-0.73).

4.5 Discussion

A common problem faced by researchers and pathologists involved with THC is the
determination of the extent of tumour positivity for a given marker which is clinically and
biologically relevant. This is often assessed using a pre-determined cut-off score which,
particularly for novel tumour markers, is often set arbitrarily and varies between different

reports L

In this study we propose a method for determining cut-off scores which should improve
the clinical utility of IHC findings. ROC curve analysis is an established method in other
areas of medical research but has not previously been used in the context of IHC to select
scores for positive protein expression '*'* 22 To demonstrate its application, we chose
the protein RHAMM which we previously identified as a potential marker of tumour
progression and prognosis in CRC »’. However, its biological function has not been fully
elucidated and so no criteria currently exist for determining biologically relevant IHC

cut-off points.



111

The results of this study clearly demonstrate that the selected cut-off scores from ROC
curve analysis are reproducible for each clinico-pathological features studied. The cut-off
score leading to the best discrimination of tumours with and without the outcome was
100% (100% versus <100% staining) for T stage, N stage, tumour grade and vascular

invasion and 90% (>90% versus <90% staining) for survival.

The cut-off scores were selected such that the trade-off between sensitivity and
specificity was the smallest, therefore leading to the greatest overall number of correctly
classified tumours with and without the clinico-pathological feature. However, it may be
more beneficial when investigating different outcomes, such as response to treatment to
choose a cut-off leading to higher sensitivity rather than specificity. This would allow for

the selection of the greatest number of potentially responsive candidates for treatment.

It should be emphasized that categorizing protein expression around the selected cut-off
score does not imply significant statistical associations with the outcome. However,
significant associations may be more biologically meaningful and more likely to occur

when appropriate cut-off scores are used to assess positivity.

The use of ROC curve analysis is based on the premise that the evaluation of
immunoreactivify using the percentage of positive tumour cells is a reproducible scoring
method. We have previously found strong inter-observer agreement using this scoring
method in several tumour markers in rectal cancer °2. The intra-class correlation

coefficient (ICC) is an accepted method for determining agreement for semi-continuous
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IHC scores **>. We have investigated the reproducibility of this scoring method on the
same TMA for proteins APAF-1 and EGFR and have found the scores to be highly
consistent and reproducible among pathologists (ICC = 0.75 and 0.86 respectively)

(unpublished data).

It should be mentioned that time-dependent ROC curves for analyzing survival time have
been established and software recently developed to analyze these outcomes
(survivalROC package in R software, The R Development Core Team, Version 2.4.0,
2006) . Using this method we determined that the AUC for RHAMM was 0.613 using
the Kaplan-Meier estimator and 0.608 with the Nearest Neighbor Estimator. Both these
results are similar to the AUC we obtained in this study. Time-dependent ROC curves are
advantageous as they take into account the number of months until censoring or death
from CRC. Though the classic ROC curves illustrated in this study categorize censored

observations or death at the S-year mark they are considerably simpler to use.

4.6 Conclusion

ROC curve analysis can be used as an alternative method in the selection and validation
of cut-off scores for determining the most clinically relevant threshold for
immunohistochemical tumour positivity. We recommend not only that this method be
used for novel tumour markers but also tQ re-evaluate protein expression in established

biomarkers that often yield contradictory results.
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Figure Legends

Figure 1: ROC curves for RHAMM and T stage (A), N stage (B), tumour grade (C),
vascular invasion (D) and survival (E). The axes for sensitivity and (1-specificity) are not

equally spaced.

Figure 2: Distribution of cut-off scores obtained from 100-bootstrap replications of

RHAMM.
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4.7 Abstract

Aim: The aim of this study was to determine the prc;gnostic value of epidermal growth
factor receptor (EGFR) expression in mismatch-repair (MMR) proficient colorectal
cancers (CRCs). We validate the use of receiver operating characteristic (ROC) curve
analysis to select cut-off scores for EGFR over-expression for the endpoints studied.
Methods: Immunohistochemistry (IHC) for EGFR was performed on 1197 MMR-
proficient CRCs using a tissue microarray. Immunoreactivity was scored as the
percentage of positive tumour cells by three pathologists and the inter-observer reliability
was assessed. ROC curve-derived cut-offs were useci to analyze the association of EGFR
over-expression and several clinico-pathological features including survival. Results:
The scoring method was found to be reproducible. The selected cut-off scores frorﬁ ROC
curve analysis for each clinico-pathological feature were highly consistent between
pathologists. EGFR over-expression was associated with worse survival time (p-value =
0 008). In multivariate analysis EGFR over-expression was independently associated
with adverse prognosis (p-value <0.001). Conclusion: EGFR is an independent

prognostic factor in CRC.

Key Words: EGFR, colorectal cancer, ROC curve analysis, tissue microarray, scoring

system
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4.8 Introduction

EGFR is a 170-kDa transmembrane glycoprotein/cell surface receptor composed of an
extracellular ligand-binding domain, a transmembrane lipophilic segment and an
intracellular tyrosine kinase'. EGFR belongs to the ErbB tyrosine-kinase receptor family
which includes four proteins encoded by the c-erb B proto-oncogene, namely ErbB1
(EGFR), ErbB2 (HER2/neu), ErbB3 (HER3) and ErbB4 (HER4)* °. Ligand binding
produces dimerization of the receptor and activation of intrinsic protein tyrosine kinase
activity leading to the transduction of signaling pathways involved in proliferation, cell
division and differentiation®. The MAP kinase and AKT signaling pathways have been
found to mediate intracellular EGFR signaling®. The biologic responses to MAP kinase
induction result in increased expression of proteins governing cell-cycle regulation. AKT,
an anti-apoﬁtotic kinase, is implicated in cell survival and promotion of angiogenesis and
has also been linked to activation of matrix metalloproteinase protein facilitating tumour

growth and promotion’®.

Expression of EGFR is linked to poor survival in a variety of malignancies” ' In CRC,
EGFR expression may be associated with an advanced disease stage'*'®. However, these
results remain controversial since an association between EGFR expression and Dukes
stage or length of survival in CRC has not been detected in other studies' "',

Among the standard techniques for detecting protein expression, [HC is the most

commonly used in CRC *. EGFR expression had been reported in 25% to 82% of CRCs

2,14,19,23-26

It is recognized that the wide range of methods for interpreting EGFR expression as

determined by IHC considerably hinders a meta-analysis of the predictive or prognostic
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value of the protein in CRC *. Despite its subjective nature, staining intensity has
become an integral component of many EGFR scoring systems **?"°_ It has recently
been shown however that the degree of staining intensity may be affected by varying
fixation methods and laboratory procedures and is reduced dramatically with increased

storage time of the tissue samples > *'

. Scoring methods for EGFR include those
evaluating only the degree of staining intensity 2* those for which positive or negative
expression of EGFR are based on a pre-determined and often arbitrarily set cut-off score
24, 27, 32-34 . : L : ‘i
and those with composite systems incorporating both the extent of positivity
and staining intensity *°. Rarely is the choice of scoring method, in particular the

selection of cut-off scores for positivity, addressed and many remain unvalidated.

The aim of this study was to determine the prognostic value of EGFR in 1197 MMR-
proficient CRCs using the tissue microarray (TMA) technique. In doing so, we propose
and validate the application of ROC curve analysis to the selection of cut-off scores for

EGFR over-expression for the endpoints under investigation.

4.9 Materials and Methods

TMA construction

A TMA of 1420 unselected, non-consecutive CRCs was constructed®>. Briefly, formalin-
fixed, paraffin-embedded tissue blocks of CRC resections were obtained. One tissue
cylinder with a diameter of 0.6 mm was punched from morphologically representative
tissue areas of each donor tissue block and brought into one recipient paraffin block (3 x

2.5 cm) using a homemade semiautomated tissue arrayer.
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The clinico-pathological data for 1420 patients included T stage (T1, T2, T3 and T4), N
stage (NO, N1 and N2), tumour grade (G1, G2 and G3), vascular invasion (presence or
absence) and S5-year survival. The distribution of these features has been described

previously®®.

IHC

The 1420 CRCs were dewaxed and rehydrated in dH;O. Endogenous peroxidase activity
was blocked using 0.5% H»O,. The sections were incubated with 10% normal goat serum
(Dako Cytomation, Carpinteria, CA) for 20 min. In order to determine mismatch-repair
(MMR) status, the 1420 CRCs were incubated with primary antibody for MLH1 (MLH]1
clone MLH-1, BD Biosciences Pharmingen, San Jose, CA), MSH2 (clone MSH-2, BD
Biosciences Pharmingen, San Jose, CA), and MSH6 (clone 44, Transduction
Laboratories) for 2 hours at room température. Subsequently, sections were incubated
with HRP-conjugated secondary antibody (K4005, EnVision+ System-HRP (AEC);
DakoCytomation) for 30 min at room temperature. For visualization of the antigen, the
sections were immersed in  3-amino-9-ethylcarbazole+substrate-chromogen

(DakoCytomation) for 30 min, and counterstained with Gill’s haematoxylin.

IHC for EGFR (clone 3C6, 3mg/ml, Ventana Medical Systems, Tucson, USA) was
performed on all 1420 CRCs using an autostainer according to manufacturer’s
recommendations. Positive controls consisted of normal oral mucosa. Negative controls

were treated identically with the primary antibody omitted.
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Evaluation of IHC

EGFR immunoreactivity was evaluated as either membranous or cytoplasmic in a semi-
quantitative manner using the proportion of EGFR positive tumour cells over the total
number of tumour cells ranging from 0% to 100%. Scores were based on 5% intervals
(0%, 5%, 10%, etc). The TMA CRCs were evaluated by 3 independent pathologists
(A.L, JJ, D.H.). For the 1420 CRCs, MLH1, MSH2 and MSH6 were scored as negative

(0% staining) or positive (>0% staining). Staining intensity was not evaluated.

MMR Status

The 1420 CRCs were stratified according to DNA MMR status and consisted of 1197
MMR-proficient tumours expressing MLH1, MSH2 and MSH6, 141 MLHI-negative
tumours, and 82 presumed HNPCC cases demonstrating loss of MSH2 and/or MSH6 at
any age, or loss of MLH1 at <55 years *”. Only MMR-proficient tumours were included

in this study to ensure a uniform population (N =1197, 84.4%).

Randomization of MMR-proficient CRCs

The 1197 MMR-proficient CRCs were randomly assigned into 2 groups, Study Group A
(N=599) and Study Group B (N=598). Study Group A was used to determine the most
relevant cut-off scores above which a tumour should be considered to over-express EGFR
for ‘each clinico-pathological feature. The associations of EGFR expression at the
proposed cut-off scores with T stage, N stage, tumour grade, vascular invasion and

survival were investigated on Study Group B.

Statistical analysis

Inter-observer reliability of the scoring method
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The reproducibility of the semi-quantitative scoring method in TMA CRC punches was
assessed among three pathologists and analyzed using the intra-class correlation
coefficient (ICC) ** *°. The ICC is defined as the ratio of the between-subject variance

40, 41

over the (between-subject + within subject variances) and has previously been used

to assess agreement of IHC scores 2

Selecting the cut-off scores for EGFR “positivity”

The selection of cut-off scores for EGFR expression was based on ROC curve analysis ©.
At each score, the sensitivity and specificity for the outcome being studied was plotted
thus generating a ROC curve. The score located closest to the point with both maximum
sensitivity and specificity, i.e., the point (0.0, 1.0) on the curve, was selected as the cut-
off score leading to the greatest number of tumours which were correctly classified as
having or not having the outcome. In order to use ROC curve analysis, the clinical and
tumour characteristics must be binary and were therefore dichotomized. T stage became
early (T1+T2) or late (T3+T4), N stage, NO (no lymph node involvement) or >NO (any
lymph node involvement), tumour grade low (G1 + G2) or high (G3), vascular invaéion,
absent or present and survival, death due to CRC at 10-year follow-up time or other

(censored, alive or death from other causes).

Reproducibility of ROC curve analysis

In order to determine whether ROC curve analysis was a reproducible method for
selecting the cut-off scores for EGFR, ROC curves were generated for each independent
pathologist and clinico-pathological feature. In addition, 100-bootstrapped replications
were performed to re-sample the data and determine the reliability of the cut-off scores

obtained by each scorer. With bootstrapping, 100 re-samples of equal size are created
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and ROC curve analysis is performed for each sub-vgroup. Finally, the scores for each
tumour were averaged. The final ROC curve resulting from the average scores was used
to select the relevant cut-off scores and subsequently determine the association of EGFR
over-expression and the clinico-pathological features on Study Group B. The most
frequently obtained cut-off score (mode), the mean (95%CI) score over the 100 re-
samples and the area under the ROC curve (AUC) and 95%CI were acquired for each
analysis. AUCs summarize the discriminatory power of EGFR for the outcome with

values of 0.5 indicating low power and those closer to 1.0 higher power.

Association with clinico-pathological features at the respective cut-offs

The Chi-Square test was used to evaluate EGFR expression with T stage, N stage, tumour
grade and vascular invasion. Survival analysis was carried out using the Kaplan-Meiér
method and log-rank test. Cox proportional hazards regression was used in multivariate
survival analysis to identify the prognostic value of EGFR independently of T stage, N
stage, tumour grade, vascular invasion and age. All analyses were carried out using SAS

(The SAS Institute, Cary, NC, USA). ROC curves were plotted using SPSS.

4.10 Results

Tumour characteristics

EGFR immunoreactivity was evaluated in 1032 MMR-proficient CRCs. 165 cases were
not assessed due to the absence of tissue or tumour. Absence of staining was observed in

367 (35.6%) cases whereas membranous and/or cytoplasmic staining was described in

64.4% (Figure 1).
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Inter-observer agreement and ROC curve analysis

The ICC obtained by analyzing the TMA CRC punches was 0.86. The characteristics of
the ROC curves, the selected cut-offs generated from each pathologist’s scores as well as
cut-off values obtained from the average EGFR scores are summarized in Table 1.
Similar cut-off scores were obtained for all three pathologists for nearly each clinico-
pathological feature. The cut-off values derived from the average EGFR scores were
determined to be 88.3% for T stage and tumour grade, 81.7% for N stage, 75% for

vascular invasion and 91.7% for survival (Figure 2).

Association of EGFR and clinico-pathological features (Table 2)

EGFR over-expression .(avcrage score above 88.3%) was more frequently found in late T
stage tumours though this difference was not significant (p-value =.0.153). No
association between EGFR expression and N stage, tumour grade or vascular invasion
was observed. Tumours with loss of EGFR expression (average score less than 91.2%)
had a éigniﬁcantly better survival time (82.0 months (66.0-96.0)) (p-value = 0.008)
compared to tumours retaining expression of the protein (36.5 months (20.0-65.0))
(Figure 3). In a multivariate survival analysis adjusting for T stage, N stage, tumour
grade, vascular invasion and age, EGFR expression was independently associated with

worse survival time (p-value <0.001 (HR (95%CI) = 2.0 (1.4-2.8)).

4.11 Discussion

The prog-nostic value of EGFR in CRC vari'és significantly in the literature. Several
reasons have been suggested for this discrepancy such as non-comparable study
populations®, variability in protocols, fixation and antibodies*® and the lack of a uniform

: 44,45
scoring system22 B
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The aim of this study was to determine the prognostic value of EGFR in CRC based on
cut-off scores selected to maximize the clinical utility of EGFR findings by IHC. 1197
CRCs from TMA punches were randomized into two sub-groups, the first used to select
the cut-off scores for EGFR over-expression, the second to analyze EGFR over-
expression and its association with tumour progression and survival. The TMA approach

is an accepted tool of investigation, in particular with large sample sizes™ *¢>'.

The evaluation of immunoreactivity was carried out semi-quantitatively by scoring the
percentage of positive tumour cells in both rectal tumour biopsy specimens and TMA
punches. We have previously shown that this scoring method leads to a more complete
assessment of the prognostic value of several tumour markers in CRC when compared to
an evaluation system based on arbitrarily determined “positive” or “negative” scores ** %
% We have also shown that this scoring method is reproducible among pathologists in
rectal cancer using the ICC which has recently been proposed as a method for
determining inter-observer variation of semi-continuous immunohistochemical scores *°,

“ In this study we again validate this scoring method for EGFR among three

independent pathologists in TMA punches of CRC (ICC = 0.86).

ROC curves are commonly used in clinical oncology to determine the threshold value
above which a test result should be considered positive for some outcoﬁe 4,556 we
applied the same principle in this study to determine the cut-off scores above which
EGFR should be considered over-expressed. The reproducibility of this method was
validated by generating ROC curves for each of the three pathologist’s scores in addition
to re-sampling of the data. The results of this study demonstrated that the selected cut-off

scores for each clinico-pathological feature were highly consistent among pathologists.
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In order to obtain the best estimate of the EGFR expression in each tumour, the three
scores were averaged and the ROC curves plotted. The cut-off score varied with the
clinical endpoint under investigation. EGFR was considered to be over-expressed when

more than 75% staining was observed for all features.

When investigating other outcomes, such as response to anti-EGFR therapy, it may be
more beneficial to choose a cut-off score leading to high sensitivity rather than specificity
for tumour response in order to select the greatest number of potentially responsive
candidates for treatment. In this study, the cut-off score was selected such that it
minimize the trade-off between sensitivity and specificity and therefore maximize the

number of correctly classified tumours with and without the endpoint under evaluation.

EGFR over-expression in MMR-proficient CRC was not associated with T stage, N
stage, tumour grade or vascular invasion. These results are supported by similar findings
by other groups that have shown no relationship between EGFR over-expression and
disease evolution® '"2" % % However, patients with EGFR over-expressing tumours
demonstrated a significantly worse prognosis (36.5 months (20.0-65.0)) than tilose with
no over-expression (82.0 months (66.0-96.0)). Previous reports also support these
findings 2% 5% Moreover, EGFR in this study was found to predict worse survival in a
multivariate analysis independently of known adverse prognostic factors including T
stage, N stage and vascular invasion. These results indicate that EGFR could be used as a
prognostic marker in addition to standard pathological staging using the TNM

classification.
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4.12 Conclusion

In conclusion, EGFR is an independent adverse prognostic factor in MMR-proficient
CRC. The combination of semi-quantitative evaluation of protein expression and ROC
curve analysis which was validated in this study proves to be a reproducible method for

selecting the cut-off scores for EGFR over-expression in CRC.
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Table 1: Most frequently obtained cut-off score (mode), mean (95%Cl) cut-off score and

area under the ROC curve (AUC (95%CI)) for each pathologist and clinico-pathological

feature.
Pathologist

ROC features No. 1 No. 2 No. 3 Average scores
T stage Mode 90% 85% 80% 88.3%

Mean (95%CI) 83.0% (80.6-85.4) 76.5% (73.8-79.2) 77.8 %(75.4-80.2) 82.4% (79.5-85.2)

AUC (95%CI)  0.594 (0.48-0.71)  0.579 (0.45-0.70)  0.533 (0.47-0.60)  0.609 (0.48-0.74)
N stage Mode 80% 75% 70% 81.7%

Mean (95%CI) 82.6% (81.5-83.7) 79.1% (77.8-80.4) 752%(72.9-77.4) 82.7% (81.6-83.9)

AUC (95%CI)  0.536 (0.45-0.62)  0.552 (0.47-0.64)  0.505 (0.45-0.55)  0.553 (0.46-0.64)
Grade Mode 90% 85% 60% 88.3%

Mean (95%CI) 88.3%(85.8-90.8) 21.7% (78.4-85.0)  64.0% (59.7-68.3)  85.9% (83.4-88.3)

AUC (95%CI)  0.587(0.41-0.77)  0.574 (0.41-0.74)  0.513 (0.43-0.60)  0.586 (0.40-0.77)
.Vascqlar Mode 90% 75% 80% 75%
invasion

Mean (95%CI) 86.8% (85.4-88.3)  75.6%(75.0-76.2)  75.5%(72.9-78.1) 78.4(77.3-79.5)

AUC (95%CI)  0.548 (0.45-0.64)  0.61 (0.52-0.70) 0.515(0.46-0.57)  0.579 (0.48-0.68)
Survival  Mode 85% 90% 80% 91.7%

Mean (95%CI) 86.3% (85.2-87.4) 85.4% (84.2-87.1)  75.3% (72.6-78.0)  59.0% (49.2-68.8)

AUC (95%CI)  0.523 (0.44-0.61) 0.536 (0.45-0.62) 0.501 (0.44-0.56) 0.511 (0.42-0.60)
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~ Table 2: Association of EGFR expression and clinico-pathological features. Cut-off

scores were obtained by ROC curve analysis performed on the average EGFR scores.

Cut-off  Below cut-off Above cut-off  P-value

N (%) N (%)

Survival Median (95%CI)  91.7%  82.0(66.0-96.0) 36.5(20.0-65.0)  0.008
(months)

T stage Early (T1+T2) 88.3% 119 (23.7) 13 (16.5) 0.153
Late (T3+T4) 383 (76.3) 66 (83.5)

N stage NO 78.3% 245 (52.4) 53 (51.0) 0.798
>NO 223 (47.7) 51(49.0)

Grade G1+G2 88.3% 446 (88.1) 74 (93.7) 0.146
G3 60 (11.9) 5(6.3)

Vascular invasion Presence 75% 133 (27.8) 30 (28.3) 0.911

Absence 346 (72.2) 76 (71.7)
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Figure legend

Figure 1: Predominantly membranous (A) and cytoplasmic (B) EGFR expression in
rectal adenocarcinoma (40x). Membranous (C) and cytoplasmic (D) EGFR staining in

TMA punches of moderately differentiated MMR -proficient CRCs (40x).

Figure 2: ROC curves based on average EGFR scores for A) T stage, B) N stage, C)
grade, D) vascular invasion and E) survival. Arrows indicate the closest point on the

ROC curves to the point (0.0, 1.0) which correspond to the selected cut-off score.

Figure 3: Kaplan-Meier survival curve for MMR-proficient CRCs with and without over-

expression of EGFR.
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CHAPTER §: Predictive Model of Tumour Response to Pre-operative HDREB

The concepts of Chapters 3 and 4 formed the basis on which the predictive model of
tumour response to pre-operative HDREB was built. Having demonstrated that the semi-
quantitative scoring method was reproducible between pathologists and that ROC curve
analysis could be used to select ﬁut-off scores for protein positivity, the protein
expression_ of tumour markers p53, Bcl-2, VEGF, APAF-1 and EGFR was analyzed in
pre-treatment rectal tumour biopsies from patients undergoing radiotherapy. Cut-off
scores for positivity were obtained using the average protein expression for each tumour
marker. Along with other clinico-pathological features, a predictive model of complete
tumour response as well as a model of complete or partial tumour regression was

established.
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5.1 Abstract

Aim: Pre-operative radiotherapy improves local control and survival in patients with
locally advanced rectal cancer. To date, no clinically useful predictors of tumor response
have been established. The aim of this study was to develop a predictive model of tumor
response to pre-operative high-dose rate endorectal brachytherapy (HDREB) by
evaluating the immunohistochemical expression of p53, Bcl-2, VEGF, APAF-1 and
EGFR on 104 pre-treatment rectal biopsies from patients with predominantly ¢T3 rectal
cancer. Material and Méthods: Immunohistochemistry was performed for pS3, Bcl-2,
VEGF, APAF-1 and EGFR. Immunoreactivity was scored semi-quantitatively by
evaluating the percentage of positive tumor cells. The reproducibility of the scoring
method was assessed among three or four pathologists. Receiver operating characteristic
(ROC) curves were used to obtain relevant cut-off scores for positive protein expression.
Univariate and multivariate analysis was performed in order to determine the predictive
value of each tumor marker. Results: In univariate analysis, negative VEGF expression
(p-value = 0.004) and EGFR positivity (p-value = 0.003) were associated with complete
tumor response whereas APAF-1 (p-value = 0.015) and EGFR positivity (p-value =
0.027) were important in complete and/or partial tumor respor;se. In a multivariate model,
the combined analysis of VEGF (p-value = 0.003) and EGFR (p = 0.006) was highly
predictive of complete response with a sensitivity of 94% and specificity of 45%. EGFR
independently predicted complete and/or partial response (p = 0.027) but only displayed
low sensitivity (58%) for tumor response. Conclusion: The combined analysis of VEGF
and EGFR is predictive of complete pathologic tumor response to pre-operative HDREB.

A large-scale prospective study is necessary to validate these preliminary findings.
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5.2 Introduction

Colorectal cancer is a leading cause of cancer-related mortality and morbidity in North
America '. Patients with early rectal cancers are treated with local excision and may be
candidates for endocavitary irradiation °. However, most patients with newly diagnosed
rectal carcinoma present with locally advanced disease and receive neo-adjuvant chemo-
" radiation therapy. Pre-operative radiotherapy has been shown to increase survival rates

and improve local control compared to surgery-alone *

. Recent ' findings have
demonstrated similar survival rates in patients receiving only neo-adjuvant radiotherapy
compared to those receiving both chemo-radiotherapy *''. In addition to these clinical
endpoints, pre-operative chemo-radiotherapy leads to tumour regression and downstaging

in a significant number of patients >

potentially increasing the frequency of sphincter-
sparing procedures in some studies " '*. Tumour regression grade has been linked with
improved disease-free survival and decreased local failure '® '”. Pathologic stage after

treatment has also shown to have prognostic value 18,

The ability to predict complete pathologic response or sensitivity to radiation would have
a significant impact on the selection of patients for pre-operative radiotherapy or chemo-
radiation therapy as well as on post-surgical management. Currently there are no
clinically useful predictors of tumour response based either on standard pathological
assessment or on immunocytochemistry '°. A number of tumour markers involved in
proliferation (Ki-67, PCNA, p53) cell-cycle arrcét (p21, p27) and apoptosis (Bcl-2) have
been studied immunohistochemically but have often yieided negative or contradicting

results 2028,
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Sevéral factors may be contributing to these discrepancies most notably the lack of
standardized scoring systems for evaluating immunoreactivity. The choice of scoring
method, in particular the selection of cut-off scores for positivity is rarely addressed. The
majority of studies assess positive or negativg protein expression based on a pre-
determined and often arbitrarily set cut-off score, frequently 10% 2*25-2% 30 Additionally,
despite concerns regarding its subjective nature and reproducibility, staining intensity is

often incorporated into a variety of scoring systems "2,

While focusing on a single potential predictive marker may provide important
information on the association of the protein with tumour response, a multi-marker
approach could result in greater sensitivity (and specificity) for the outcome thereby
producing more clinically meaningful results. The differential gene and protein
expression profiles of rectal cancers following irradiation underline the heterogeneity of
this disease which should be reflected in the predictive models used io assess tumour |

response > %,

The aim of this study was to develop a predictive model of 1) complete pathologic
response and 2) complete or partial tumour response to an institutional study using pre-
operative HDREB 35,36 by evaluating the immunohistochemical expression of p53, Bel-2,
vascular endothelial growth factor (VEGF), apoptosis activating growth factor-1 (APAF-
1) and epidermal growth factor receptor (EGFR) on 104 pre-treatment rectal biopsies

from patients with predominantly ¢T3 rectal cancer. ROC curve analysis was used to
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select relevant cut-off scores for positivity in order to maximize the utility of the

immunohistochemistry (IHC) findings.

5.3 Materials and Methods

Pre-operative HDREB

This study was approved by the Research Ethics Committee of the McGill University
Health Center. 104 patients with newly diagnosed invasive, resectable rectal
adenocarcinoma were included in this study and informed written consent was obtained.
Pre-operative staging was performed according to the International Union against Cancer
classification and carried out by endorectal ultrasonography and Magnetic Resonant
Imaging (MRI). Eligible patients included those with large T2, T3 and early T4 tumours.
Patients with abdominal nodal disease, metastases and small T2 tumours with favorable
features were excluded from the study. Radiation was delivered pre-operatively with a
multj-channcl endorectal applicator (Novi Sad and recently with the Oncosmart
Nucleotron B.V., Veenendaal, Netherlands) and a high-dose rate remote after-loading
system using an Iridium-192 source *” %, A daily fraction of 6.5 Gy was administered
over 4 consecutive days to a total of 26 Gy. Each patient was planned with endorectal
applicator in place using a CT simulator (Pickler International, Inc, Highland Heights,
OH) in order to_obtain optimal conformal dosimetry. The dose was prescribed to a
clinicél target volume that inclﬁded the gross tumour volume and any intramesorectal
deposits visible at MRI. Patients underwent surgery four-to eight weeks after

brachytherapy as planned prior to treatment regardless of tumour response.
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The assessment of tumour response was performed by pathologic evaluation of rectal
specimens post-operatively. Tumours considered to be completely responsive to pre-
operative HDREB had no histologic evidence of residual viable carcinoma (ypT0).
Partial response was characterized by the presence of micro-foci or foci of residual
carcinoma typically ranging from 0.3 cm to 0.9 cm in diameter. Non-responsive tumours

were found to have large areas of residual carcinoma ranging in size from 2 cm to 6 cm.

Immunohistochemistry (IHC)

IHC for p53, Bcl-2, VEGF, APAF-1 and EGFR was cam'ed out on formalin-fixed,
paraffin-embedded serial sections cut at 3 pm and dried at 37°C overnight. IHC was
performed using the avidin-biotin complex (ABC) procedure, including heat-induced
epitope retrieval and enzymatic antigen retrieval procedures. Incubation was carried out
overnight at-4° C for Bcl-2 (DAKO, clone 124, Denmark, 1:100) and VEGF (Santa Cruz
Biotechnology, VEGF-A20, USA, 1:100) and in a moist chamber at 37 ° C for 1 hour for
p53 (DAKO, clone DO-7, Denmark, 1:100) and APAF-1 (Novocastra, NCL-APAF-1,
1:100). IHC for EGFR (clone 3C6, 3mg/ml, Ventana Medical Systems, Tucson, USA)
was performed using an autostainer according to manufacturer’s instructions. Negative
controls were treated identically with primary antibodies omitted. Positive controls
consisted of colon cancer know to possess mutation of the p53 gene, B-cell lymphoma

(Bcl-2), glioblastoma (VEGF), skin (APAF-1) and oral mucosa (EGFR).
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Evaluation of IHC

Immunoreactivity was evaluated in a semi-quantitative manner. The proportion of
immunoreactive tumour cells o§er the total number of tumour cells by 5% increments
(0%, 5%, 10%, ..., 100%) was determined by three pathologists (A.L., J.J., S.H.) for
EGFR and by four pathologists for p53, Bcl-2, VEGF and APAF-1 (C.C.C, AL, J;J.,
R.P.M). Only areas of invasive carcinoma were analyzed. Staining was assessed in the
nucleus for p53, in the cytoplasm for VEGF, Bcl-2 and APAF-1 and in both cytoplasm

and membrane for EGFR carcinoma. Staining intensity was not evaluated.

Statistical analysis

Inter-observer agreement

The reproducibility of tﬁe semi-quantitative scoring method was analyzed using the intra-
class correlation coefficient (ICC). The ICC is defined as the ratio of the between-subject
variance over the (between-subject + within subject variances) and has previously been

used to assess agreement of IHC scores ¥,

Selection of cutoff scores for protein positivity

Relevant cut-off scores for tumour positivity were obtained from ROC curve analysis .
At each IHC score, the sensitivity and specificity for discrimination of response versus no
response was plotted thus generating a ROC curve. The score located closest to the point
with both maximum sensitivity and specificity, i.e., the point (0.0, 1.0) on the curve was
selected as the cut-off score leading to the greatest number of tumours correctly classified

as responsive or non-responsive to therapy.
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Reproducibility of ROC curve analysis

In order to determine whether ROC curve analysis was a reproducible method for
selecting the cut-off scores for p53, Bcl-2, VEGF, APAF-1 and EGFR, ROC curves were
generated for each independent pathologist. In addition, 1000-bootstrapped replications
were performed to re-sample the data and determine the reliability of the cut-off scores
obtained by each scorer. With bootstrapping, 1000 re-samples of eciual size were created
and ROC curve analysis was performed for each re-sample. Finally, the scores for each
tumour were averaged. The final ROC curve resulting from the average scores was used
to select the cut-off scores used to predict complete response and also complete or partial
response to pre-operative HDREB. The most frequently obtained cut-off score (mode),
the mean (95%CI) score over the 100 re-samples and the area under the ROC -curve
(AUC) and 95%CI were acquired for each analysis. AUCs summarize the discriminatory
power for tumdur response of each protein over the entire range of scores with values of

0.5 indicating low power and those closer to 1.0 higher power.

Association with clinico-pathological features at the respective cut-offs

The association of tumour response with both clinico-pathological features and protein
expression classified as positive or negative around their respective cut-off scores was
analyzed with logistic regression. The p-values, odds ratio (OR) and 95%CI for each
analysis were obtained. All variables significant (p-value <0.05) in univariate analysis
were entered into a multivariate logistic regression model. A selection procedure was
used to identify the independent predictors of tumour response. The reliability of the

model was established by 1000-bootstrapped replications of the data. The most frequently
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selected model from the 1000 sub-samples was chosen as the final predictive model. The
sensitivity and specificity of the final models predicting complete response and also

complete or partial response was carried out using 100-fold cross-validation.

5.4 Results

Patients

Thirty-two patients were non-responsive to treatment (30.8%), 33 (31.7%) had a
complete pathologic tumour response while 39 (37.5%) were found to have partial
tumour regression. Tumours lacking sufficient invasive tumour for immunohistochemical

evaluation were excluded from the study.

Inter-observer agreement
The inter-observer agreement for p53, Bcl-2, VEGF and APAF-1 is reported elsewhere

1 The ICC for EGFR was 0.71 (0.68-0.73) indicating strong inter-observer reliability.

Selection of cut-off scores

ROC curve analysis was performed using the average IHC scores. A cut-off score of 50%
for p53, 21% for VEGF, 20% for Bcl-2 and EGFR and 10% for APAF-1 was obtained for
the analysis of complete tumour response (Figure 1) while cut-off scores of 40% for p53,
53% for VEGF, 1.25% for Bcl-2, 2.5% for APAF-1 and 18% for EGFR (Figure 2) were
produced when evaluating complete or partial tumour response. Tumours with scores
above the obtained cut-off values were considered positive for the expression of the

protein.
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Univariate analysis

Complete response versus partial or no response (Table 1)

An association was found between age (p-value = 0.025) and complete response. Patients
with moderately or poorly differentiated tumours were predominantly partially or non-
responsive to treatment (p-value <0.001). Negative VEGF expression (p-value = 0.004)
and EGFR positivity (p-value = 0.003) were significantly associated with complete

tumour response.

Complete or partial response versus no response (Table 2)
Moderately or poorly differentiated tumours were more frequently non-responsive to
therapy (p-value = 0.042). APAF-1 (p-value = 0.015) and EGFR positivity (p-value =

0.027) were significantly associated with tumour response.

Multivariate logistic regression models

Only VEGF (p-value = 0.003) and EGFR (p-value = 0.006) were selected as independent
predictors of complete pathologic response (Table 3). VEGF negative/ EGFR positive
tumours had the highest likelihood of completely responding to therapy. Contrarily,
VEGF positive/ EGFR negative tumours were least likely to respond with a probability of
6%. Tumours with VEGF positivity/ EGFR positivity or VEGF negativity/ EGFR
negativity had a similar probability of response of 30%. The cross-validated sensitivity

and specificity of the model were 94% and 45% respectively.
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In a multivariate analysis of complete or partial response, only EGFR was selected as an
independent predictive factor (p-value = 0.027; OR (95%CI) = 3.11 (1.1-8.5)). Tumours
positive for EGFR had a 78% chance of response whereas those negative for the protein
had a probability of 54%. The cross-validated sensitivity and specificity of EGFR for

complete or partial response to therapy were 58% and 69% respectively.

5.5 Discussion

Pfe-operative radiotherapy for patients with locally advanced rectal cancer is based on the
premise that irradiation can result in tumour regression thus leading to improved local
control, survival and possibly an increased frequency of sphincter-sparing procedures or a
more conservative treatment approach % ' 1% %2 Several potential tumour markers
governing tumour cell proliferation, cell-cycle arrest or apoptosis have been extensively
studied by IHC but often yield contradictory results 2*2% %, Despite the fact that IHC is
clearly an indispensable research tooi, it is recognized that the lack of standardized
scoring systems, the inconsistent and often arbitrary selection of cut-off scores for
defining tumour “positivity” and the subjective assessment of staining intensity limit the

clinical utility of immunohistochemical findings 2"+,

We have previously shown that a scoring system based on thé percentage of positive
tumour cells leads to a more complete assessment of the prognostic value of several
tumour markers assessed by IHC in colorectal cancer over methods using a pre-
determined cut-off score to categorize positive or negative expression **. We have also

demonstrated that this scoring system is reproducible among pathologists in rectal tumour
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biopsies for p53, Bel-2, VEGF and APAF-1 as well as in tissue microarray punches from
over 1000 colorectal cancers for EGFR and APAF-1 (ICC = 0.75 and 0.86 respectively,
unpublished data) 1 we again validate these results in this study on rectal tumour
biopsies by demonstrating strong inter-observer reliability of EGFR scores between 3

pathologists (ICC = 0.71).

One of the advantages of quantifying IHC scores at the outset is that more relevant cut-
"off scores for characterizing “positive” protein expression can be established. ROC
curves are commonly used in clinical oncology to determine the threshold value above
which a test result should be considered positive for some outcome*’ . We applied the
same principle in this study to determine the cut-off scores above which p53, Bcl-2,
VEGF, APAF-1 and EGFR should be considered positive with complete tumour response
followed by complete or partial response as the endpoints. The reproducibility of this
method was validaied by generating ROC curves for each pathologist’s scores in addition

to re-sampling of the data.

The results of this study show that the combined analysis of VEGF and EGFR expression
is highly predictive of complete pathologic response. Tumours considered negative for
VEGF and positive for EGFR according to their respective cut-off scores were most
likely to be completely responsive to treatment while those positive for VEGF and
negative for EGFR (approximately 15% of tumours) were responsive in only 6% of these
cases. The sensitivity of the combined markers was 94%. This result indicates that in

order to maximize the treatment of potentially completely responsive tumours all patients
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could be treated with the exception of those exhibiting VEGF positivity and simultaneous

EGFR negativity as their probability of complete response is low.

The expression of EGFR was significantly associated with complete or partial response to
therapy. EGFR positive tumours were more than 3 times more likely to respond to
treatment compared to EGFR negative tumours. However the sensitivity and specificity
of EGFR for tumour response was 58% and 69% respectively. Since complete or partial
tumour response is found in approximately 2/3 of patients at the outset, the value Qf

EGFR to predict response is questionable.

The predictive value of EGFR as a marker of response to conventionally fractionated pre-
operative radiotherapy in patients with locally advanced rectal carcinoma has been
investigated by Giralt e al. who described a response rate of 62% in patients with EGFR
negative tumours of which 38% had complete pathologic response *°. In a larger study of
85 patients by the same group positive EGFR expression was associated with lack of
complete tumour regression °'. A high level of EGFR was found to significantly predict
décreased tumour downstaging after pre-operative chemo-radiotherapy in a study on 183

patients 2,

Although our results appear to contradict these findings there is evidence to suggest that
the predictive value of EGFR positivity for tumour response may be dependent on the
dose fractionation regimens. A large randomized controlled trial in head and neck

squamous cell carcinoma (HNSCC) (the CHART Head and Neck Trial) investigated the
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effect of conventional fractionation (total dose of 66 Gy in 2-Gy fractions over 45 days)
or continuous hyper-fractionated accelerated radiotherapy (CHART) (1.5 GyA per fraction,
3 times a day over 12 consecutive days) on pre-treatment EGFR expression in tumour
biopsies and overall 3-year loco-regional tumour control *. Patients with high EGFR
expression receiving CHART had a significantly greater loco-regional tumour control
than those undergoing conventional fractionation. Patients with low pre-treatment EGFR
expression regardless of the treatment arm had similar probabilities of tumour control.
Positive EGFR expression was predictive of a benefit from accelerated radiotherapy

relative to conventional fractionation.

Eriksen et al. analyzed pre-treatment biopsies from 336 patients participating in the
Danish Head and Neck Cancer group designed to evaluate EGFR expression and local
tumour control at 5.5 and 6.6 weeks with accelerated radiotherapy and at 9.5 weeks with
split-course radiotherapy >*. Again, a larger benefit from accelerated fractionatioﬁ was

reported in the EGFR-high group.

VEGF is an important mediator of tumour angiogenesis %, Its expression is absent in
norinal colon tissue but is up-regulated in adenoma and significantly over-expressed in
carcinomas 5. VEGF expression has been correlated with tumour aggressiveness, poor
survival and liver metastases ** >, Regulation of VEGF is influenced by cytokines,
inactivation of tumour suppressor genes such as p53 and oncogenic activation including
KRAS mutation ** ¢" ¢ VEGF has been linked to Bcl-2 expression in colorectal cancer

and acts as a survival factor . Moreover, VEGF mRNA is significantly up-regulated in
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response to hypoxia which can occur in growing tumours whose oxygen and nutrient |
requirements surpass the diffusional capacity of the host vasculature ®. It is known that
hypoxic tumours are more radio-resistant than their normoxic counterparts. An increased
expression of VEGF may be reflective of the hypoxic state of the tumour. This
observation is in line with the results of this study which demonstrate that completely
responsive tumours are most frequently negative for the protein compared to partially or

non-responsive tumours.

We acknowledge that pre-operative HDREB remains an experimental approach.
HoWever the long-term data are very favorable and this novel modality is presently being
considered for a randomized trial. At the present time, different radiation schedules are
used: in northern Europe, 25 Gy in 5 fractions (short course) is commonly applied,
whereas 45 Gy in 25 fractions (long course) with chemotherapy is preferred in southern
Europe and North America. Bujko ef al. randomized 310 patients with ¢T3 rectal cancer
to 5 Gy x5 followed by surgery or conventional preoperative 50.4 Gy pius bolus
S5FUlleucovorin daily over 5 weeks followed by surgery and reported similar local
control and survival results '°. The ability to predict complete pathologic response or
sensitivity to radiation based on IHC would have a significant impact on the selection of

patients for pre-operative radiotherapy or chemo-radiation therapy schedule.
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5.6 Conclusion
In conclusion, the combined 'analysis of VEGF and EGFR is predictive of complete
pathologic tumour response to pre-operative HDREB. The predictive value of EGFR may

be dependent on dose-fractionation. A large-scale prospective study is necessary to

validate these preliminary findings.
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Table 1: Patient characteristics and their association with tumour response to pre-

operative brachytherapy. CR = complete response, PR = partial response, NR = no

response, N = number.

CR PR +NR P-value OR (95%CI)
N (%) N (%)
Sex Male 23 (32.9) 47 (67.1) 0.7234  0.85(0.35-2.07)
Female 10 (29.4) 24 (70.6)
Age (mean + SD) 693+109 63.0+11.3 0.025 1.05 (1.0-1.09)
Tumour grade Well 12 (50.0) 6(11.3)
Moderate 12 (50.0) 43 (81.1) <0.001 0.13(0.04-0.41)
Poor 0(0.0) 4 (7.6)
VEGF <21% 14 (56.0) 14 (23.0) 0.004 0.23 (0.09-0.63)
>21% 11 (44.0) 47 (717.0)
EGFR <20% 6 (27.3) 34 (63.0) 0.003 5.78 (1.85-18.07)
>20% 16 (72.7) 20(37.0)
Bcl-2 <20% 17 (68.0) 43 (81.1) 0.203 2.02 (0.68-5.99)
>20% 8 (32.0) 10 (18.9)
APAF-1 <10% 14 (53.9) 41 (70.7) 0.137 2.07 (0.8-5.38)
>10% 12 (46.2) 17 (29.3)
p53 <50% 14 (53.9) 38 (64.4) 0.359 1.55 (0.61-3.96)
>50% 12 (46.2) 21 (35.6)
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Table 2: Patient characteristics and association with complete or partial tumour response

to pre-operative brachytherapy. CR=complete response, PR=partial response, NR=no

response, N = number.

CR +PR NR P-value OR (95%CI)
N (%) N (%)
Sex Male 46 (65.7) 24 (34.3) 0.268 1.7 (0.67-4;3)
Female 26 (76.5) 8 (23.5)
Age (mean = SD) 66.2+114 63.8+11.5 0.320 1.02 (0.98-1.06)
Tumour grade Well 16 (30.2) 2(8.3)
Moderate 35 (66.0) 20 (83.3) 0.042  0.31(0.1-0.96)
Poor 2(3.8) 2(8.3)
APAF-1 <2.5% 6(17.7) 22 (44.0) 0.015 3.67 (1.29-10.41)
>2.5% 28 (82.4) 28 (56.0)
EGFR <183% 8(21.6) 18 (46.2) 0.027 3.11(1.14-8.48)
>18.3%  29(784) 21(53.9)
p53 <40% 10 (25.6) 17 (37.0) 0.266 1.7 (0.67-4.33)
> 40% 29 (74.4) 29 (63.0)
VEGF <525% 16(43.2) 13 (26.5) 0.107 0.4;/ (0.19-1.18)
>52.5%  21(56.8) 36 (73.5)
Bc¢l-2 <125% 9(36.0) 15 (28.3) 0.493 0.7 (0.26-1.93)
>1.25% 16 (64.0) 38 (71.7)
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Table 3: Characteristics of the logistic regression model of complete tumour response

Estimate (95%CI) Standard error P-value OR (95%CI)
Intercept -0.852 0.56 0.128
VEGF 1965 0.67 0.003 0.14 (0.04-0.52)

EGFR : 1.904 0.69 0.005 6.71 (1.75-25.73)
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Figure legends

Figure 1: ROC curves for complete tumour response generated from the analysis of
average protein expression of p53 (A), Bcl-2 (B), VEGF (C), APAF-1 (D) and EGFR (E).
Arrows indicate the point on the curve corresponding to the selected cut-off score. AUC
= area under the curve and 95%CI.

Figure 2: ROC curves for complete or partial tumour response generated from the
analysis of average protein expression of p53 (A), Bcl-2 (B), VEGF (C), APAF-1 (D) and
EGFR (E). Arrows indicate the point on the curve corresponding to the selected cut-off

score. AUC = area under the curve and 95%CI.
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CHAPTER 6: Summary and Conclusion

6.1 Discussion

Tumour regression following pre-operative radiotherapy is associated with improved
tumour control and survival rates in patients with locally advanced rectal cancer ', The
ability to predict which patients could have complete pathologic response or tumour
regression prior to treatment would have a significant impact on the selection of patients
for pre-operative radiotherapy and could potentially modify post-treatment surgical and

clinical planning.

IHC is commonly carried out on pre-treatment biopsy specimens from patients
undergoing pre-operative radiotherapy in order to identify tumour markers which may
have predictive value 1423, Despite the fact that IHC is clearly an indispensable research
tool, it is recognized that the lack of standardized scoring systems, the inconsistent and
often arbitrary selection of cut-off scores for defining tumour “positivity” and the
subjective assessment of staining intensity limit the clinical utility of
immunohistochemical findings '* 2%, These factors undoubtedly contribute to the

contradictory results often found between similar studies on the same protein.

Colorecﬁl cancer is a heterogeneous disease, a fact underlined by the differential gene
and protein expression profiles of tumours following radiotherapy 2 *. Therefore, rather
than focusing on a single potential predictive marker of tumour response, it would be
more beneficial to use a multi-marker approach resulting in greater sensitivity and

specificity for tumour response thereby improving the clinical significance of results.
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The present study was undertaken to identify relevant tumour markers of response to pre-
operative HDREB and to develop a multi-marker model which would allow one to
predict the probability of complete tumour response and complete or partial response for
each combination of selected markers. The proteins in this study were chosen for their
roles as mediators of tumour response to ionizing radiation and included p53, Bcl-2,
VEGF, APAF-1, and EGFR 223" The expression of these proteins was evaluated using
IHC on pre-treatment biopsy specimens from 104 patients undergoing pre-operative
HDREB ***_ In addition to the combined analysis of these proteins, a novel method for
selecting relevant cut-off scores to define tumour “positivity” for each marker, namely
ROC curve analysis was used in conjunction with a quantitative scoring method for

assessing immunoreactivity “

6.1.1 Preliminary analyses

The pn‘iliminary findings outlined in Chapter 2 were obtained by analyzing IHC scores
from one pathologist who evaluated the expression of p53, Bel-2, VEGF and APAF-1. It
was established that the absence of VEGF was strongly predictive of complete pathologic
response to pre-operative HDREB. Patients with complete response were predominantly
those with tumours expressing VEGF in less than 20% of cells whereas non-responsive
tumdurs were largely immunoreactive in more than 80% of cells. Regardless of the
scoring system used to analyze the distribution of VEGF scores, the results were
consistent. Moreover, multivariate analysis of complete or partial tumour response using
CART selected VEGF as the most important predictive factor in patients undergoing pre-

operative HDREB. The expression of APAF-1 was also investigated in the pre-treatment
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biopsies of these patients and found to be significantly associated with improved response
to treatment. Ionizing radiation is a known stimulus of apoptosis **®. Irradiation leads to
disruption of the mitochondrial membrane and release of cytochrome ¢ which is free to
bind APAF-1, the core protein forming the apoptotic machinery known as the
apoptosome **°. Activation of APAF-1 is followed by recruitment of caspases leading
to a proteolytic cascade resulting in cell death ** *°. The extent of apoptosis following
pre-operative radiotherapy has been shown to play an important role in tumour regression
50 "The results of this study are in line with these findings. Higher 'APAF-I protein
expression levels may be reflective of a greater susceptibility of the tumour cells to

undergo apoptosis and therefore respond to radiotherapy.

CART analysis was included in this Chapter to identify associations of the proteins with
tumour response. It was only possible to employ this statistical approach because the
immunoreactivity for each protein was assessed semi-quantitatively on a scale from 0%
to 100%. The findings in Chapter 2 were of utmost importance. They led to the
fundamental realization that the full potential of IHC was limited to the choice of scoring

method and the selection of cut-off scores for defining tumour “positivity”.

.6'.1.2 Semi-quantitative assessment of immunoreactivity

The majority of studies evaluating IHC in colorectal cancer assess positive or negative
protein expression based on a pre-determined and often arbitrarily set cut-off score,
frequently 10% ' # 2> 27 More detailed analysis of protein expression over a larger

range of values could contribute substantially to the predictive or prognostic value of
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tumour markers. By evaluating the propértion of immunoreactive tumour cells over the
total number of tumour cells, IHC scores can be assigned percentages ranging from 0% to
100%. One of the advantages of semi-quantitative scores is that more powerful statistical
techniques can be applied to identify relationships between proteins and their outcomes
5152 Most importantly, by evaluating scores semi-quantitatively at the outset, more

clinically relevant cut-off scores for tumour positivity can be selected.

Prior to its implementation however, the inter-observer reproducibility of this scoring
method needed to be determined. In Chapter 3, the inter-observer agreement of IHC
scores between four pathologists for the proteins p53, Bel-2, APAF-1 and VEGF was
assessed. Semi-quantitative scoring was found to be reproducible for all markers with the
greatest agreement occurring for the proteins p53 and VEGF. Inter-observer
reproducibility was decreased for Bcl-2 and APAF-1 and could be explained mainly by
weak staining of tumour cells. The average scores for each pathologist and the overall
mean protein expression were determined. Pathologist 1 consistently “over-scored”
compared to Patholoéist 2 and 4 while Pathologist 3 “under-scored” for each protein.
These results underlined the importance of obtaining scores from multiple observers and
demonstrated that in order to compensate for over- or under-scoring, the average protein
expression for all observ;:rs would be a more accurate estimate of the extent of

immunoreactivity in the tissue.
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6.1.3 ROC curve analysis

ROC curves were developed in the 1950s and used for signal detection experiments
involving radars *. However, their application to medical science has soared over the last
15 years and they are currently used to determine the discriminatory power of
quantitative diagnostic indices and to compare the performance of several different tests
to discriminate between patients with or without an outcome of interest >*!. ROC curves
can also be used to determine an appropriate threshold value above which a test result
should be considered positive for an outcome. For example, it is recommended that
patients with prostate-specific antigen (PSA) levels of 4.0ng/mL or greater undergo

prostatic biopsy. This threshold value was obtained by ROC curve analysis *.

The same principle of threshold values could be applied to the selection of cut-off scores
for determining tumour positivity following IHC. In Chapter 4, cut-off scores for the
protein RHAMM were investigated using a tissue microarray of 1197 colorectal cancers
with complete clinico-pathological data 2. RHAMM expression was scored in each tissue
microarray punch using the semi-quantitative scoring method and ROC curve analysis
‘was performed. The cut-off score was chosen such that the trade-off between sensitivity
and specificity was the smallest, i.e., the cut-off score maximized the number of correctly
classified tumours with and without the clinico-pathological feature. For T stage, N stage,
tumour grade and vascular invasion, the cut-off score was found to be 100% (<100%
versus 100% immunoreactive tumour cells) and for survival, 90% (<90% versus >90%
immunoreactive tumour cells). In order to validate these findings, re-sampling of the data

by 100 bootstrapped replications was performed. ROC curve analysis was carried out for
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each of the 100 re-samples and the cut-off score was obtained every time. The cut-off
value was 100% for T stage, N stage, tumour grade, vascular invasion and 90% for

survival thereby confirming the previous results.

The findings of this study indicated that ROC curve analysis was a viable ‘alternative to
the selection of IHC cut-off scores for tumour positivity. Moreover, the cut-off scores

obtained for the features under investigation were highly reproducible.

6.1.4 Applying ROC Curves: Some Considerations

Several considerations should be taken into account regarding the use of ROC curves to
select cut-off scores for positivity, particularly for novel tumour markers with no
previously established cut-off score. IHC should ideally be performed on a large number
of tumours. The greater the sample size, the more accurate the cut-offs obtained from
ROC curve analysis. Smaller sample sizes will inevitably result in more variable cut-off
scores. However, re-sampling of the data by bootstrapping may compensate to some

extent for small sample sizes.

ROC curve analysis is carried out on features with binary outcomes. In this study, T
stages were combined into early (T1+T2) and late (T3+T4) stages. This dichotomy may

not however be suitable for different tumour types.

It should also be emphasized that categorizing protein expression around the selected cut-

off score does not imply that significant statistical associations with the outcome will
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occur. However, significant associations may be more biologically meaningful and more

likely to occur when appropriate cut-off scores are used to assess positivity.

Finally, the cut-off scores were selected in this study such that the trade-off between
sensitivity and specificity was the smallest, therefore leading to the greatest overall
number of correctly classified tumours with and without the clinico-pathological feature.
However, it may be more beneficial when investigating other outcomes, such as response
to treatment to choose a cut-off score leading to higher sensitivity over specificity. This
would increase the probability of selecting those patients most likely to be responsive to

treatment.

6.1.5 Reproducibility of cut-off scores between pathologists

Having Aemonstrated the application of ROC curve analysis using scores from one
pathologist on the novel tumour marker RHAMM %, the next objective was to integrate
the findings from Chapters 3 and 4 into a cohesive study that illustrated the full potential
of ROC curves in conjunction with the semi-quantitative scoring method to identify
associations with a well-known tumour marker and clinico-pathological outcomes. More
specifically, this involved establishing whether the semi-quantitative scoring method
found to be reproducible in biopsy specimens was also reliable in a large number of
tumours using a tissue microarray, determining to what extent cut-off scores selected by
ROC curve analysis varied between different pathologists, identifying the cut-off values

using the average scores and finally categorizing the data around these cut-offs to
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determine the association of the tumour marker with T stage, N stage, tumour grade,

vascular invasion and survival.

For this undertaking, the protein EGFR was chosen for several reasons. First, the
prognostic and predictive value of EGFR varies significantly in the literature *" .
Second, several scoring methods have been proposed for the assessment of EGFR

70-72

immunoreactivity " '“, and third, there is considerable interest in EGFR as a target for

therapeutic intervention ”,

The proposed semi-quantitative scoring method resulted in strong inter-observer
agreement between pathologists (ICC = 0.86), validating the findings in Chapter 3 and
further supporting the ave;aging of scores to obtain a more accurate estimate of the “true”
EGFR immunoreactivity for each tumour punch. Moreover, the selected cut-off scores
for each pathologist were highiy coisistent across the clinico-pathological features,
further confirming the reproducibility of ROC curve analysis. Finally, an important
association of EGFR with survival time was identified both in univariate and multivariate
analysis, indicating that EGFR could be used as a prognostic marker in patients with

colorectal cancer.

6.1.6 Predictive model of tumour response
The final objective of the research project involved the development of a predictive

model of tumour response to pre-operative HDREB which could be established more
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accurately by incorporating the tools introduced in Chapters 3 and 4 for assessing

immunoreactivity.

The reproducibility of the quantitative scoring method although confirmed for EGFR on
the tissue microarray, required additional validation in the rectal biopsy specimens from
the patients undergoing HDREB. EGFR in biopsies was scored by three pathologists. The
ICC was determined to be 0.71 indicating strong inter-observer agreement. ROC curve
analysis was performed on the average scores for all 5 proteins namely p53, Bcl-2,
VEGF, APAF-1 and EGFR using first complete response followed by complete or partial
tumour response as endpoints. Appropriate cut-off scores for positivity were obtained in
each case. Information with respect to age, sex and tumour grade was available for most

patients.

Only two features included in the analysis were determined to be independent predictors
of complete pathological response: VEGF and EGFR. Tumours with less than an average
of 21% staining (negative) for VEGF and more than 20% staining (positive) for EGFR
had greater than a 74% chance of responding to treatment. Those with VEGF positive
and EGFR negative tumours were least likely to have a complete pathologic response.
The ocids ratios for the final model illustrate the impact of each predictor for complete
response. Patients negative for VEGF were found to respond 7.1 times more than their
VEGF-positive counterparts regardless of EGFR expression. Tumours positive for EGFR
had a 6.7 times greater chance of complete response compared to EGFR negative

tumours adjusting for the effect of VEGF. The combined analysis of VEGF and EGFR
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resulted in high sensitivity (94%) and moderate specificity for the outcome (45%).
Twenty five patients were simultaneously positive for VEGF ahd negative for EGFR. Of
these, only 1 had a complete response to pre-operative HDREB. Based on these results, it
was established that pre-operative HDREB may not be suitable for patients with VEGF-

positive, EGFR-negative tumours, approximately 25% of candidates.

Only EGFR was found to have significant predictive value as a marker of complete or
partial tumour response to pre-operative HDREB. However, the cross-validated
sensitivity (58%) and specificity (69%) for the EGFR model were not encouraging. Since
complete or partial response is found in approximately 2/3 (66%) of patients undergoing

this treatment at the outset, the importance of this finding is negligible at this time.

6.1.7 VEGF and EGFR

VEGF is a mitogen, a survival factor, a potent mediator of angiogenesis and a facilitator
of metastatic spread "*"". Its expression has been linked to poor clinical outcome, tumour
aggressiveness and as demonstrated in this study, lack of response to pre-operative
radiotherapy **°. VEGF is up-regulated by inactivation of p53, oncogenic activation of
Bcel-2 and by hypoxia »*% 8% Tumour cells living in a hypoxic environment require
nutrients and oxygen that can no longer be supplied by the host vasculature’® ™%, These
hypoxia-resistant cells express VEGF which, when bound to receptors on endothelial
cells, leads to up-regulation of proteins involved in degradation of the surrounding
matrixz endothelial cell proliferation, migration and formation of new vessels capable of

increasing the demands made by starving tumour cells. It is known that hypoxic cells are
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considerably resistant to irradiation *”°. Indeed the presence of oxygen is a fundamental
requirement for radiation to kill cells . It can therefore be hyﬁothesized that up-
regulated VEGF expression occurs in more hypoxic-resistant tumours which sustain
irradiation on the basis that they are oxygen-deprived. The greater the extent of VEGF
expression, the more resistant the tumour cells to pre-operative radiotherapy. This
hypothesis is further validated by the fact that the cut-off scores used to discriminate
between complete respbnders and partial or non-responders were considerably lower
(21%) than the cut-off score required to classify complete or partial responders (<50%
staining) versus non-responders. A similar VEGF gradient was found in Chapter 2 using

CART analysis.

Therapies targeting VEGF and its signaling pathway are currently being studied in
patients with several tumour types including colorectal cancer *’. There is evidence to
suggest that inhibiticn of VEGF reduces angizgenesis in tumours and interferes with
tumour growth and métastasis ¥ VEGF is known to increase vascular permeability
which leads to a reduction in the efficient delivery of chemotherapeutic agents to the
tumour *, The monoclonal antibody Bevacizumab (Avastin©) has been approved for use
in combination with FU-based chemotherapy for the first-line treatment of patients with
metastatic colorectal cancer *. Anti-VEGFR therapy in combination with pre-operative
radiotherapy could substantially increase tumour regression especially in patients

undergoing a HDREB protocol.
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EGFR is activated following both single and repeated doses of ionizing radiation *°.

Schmidt-Ullrich et al found that daily fractions of 2 Gy over the course of 30 days led to
a nine-fold increase in EGFR mRNA levels in vitro *. Several studies in colorectal
cancer havé shown that over-expression of EGFR in pre-treatment tumour biopsies from
patients undergoing pre-operative radio- or radiochemotherapy was associated with a lack
of tumour response > °"* %2, The findings of the current study appear to contradict these
reports. Over-expression of EGFR was significantly associated with tumour response to

pre-operative HDREB in both univariate and multivariate analysis.

These results can be explained by examining the dose fractionation regimens
administered to patients undergoing radiotherapy. A large randomized controlled trial in
head and neck squamous cell carcinoma (HNSCC) (the CHART Head and Neck Trial)
investigated the effect of conventional fractionation or continuous hyper-fractionated
accelerated radiotherapy (CHART) (1.5 Gy per fraction, 3 times a day over 12
consecutive days) on pre-treatment EGFR expression in tumour biopsies and overall 3-
year loco-regional tumour control %, Patients with high EGFR e*pression receiving
CHART had a significantly greater loco-regional tumour control than those undergoing
conventional fractionation. Patients with low pre-treatment EGFR expression regardless
of the treatment arm had similar probabilities of tumour control. Positive EGFR
expression was predictive of a benefit from accelerated radiotherapy relative to
conventional fractionation. Eriksen et al. ** analyzed pre-treatment biopsies from 336
patients participating in the Danish Head and Neck Cancer group designed to evaluate

EGFR expression and local tumour control at 5.5 and 6.6 weeks with accelerated
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radiotherapy and at 9.5 weeks with split-course radiotherapy. Again, a larger benefit from
accelerated fractionation was reported in the EGFR-high group.

The predictive value of EGFR therefore appears to be dependent on the dose of radiatiqn
and the time course of treatment. The expression of EGFR is hygothesized to play a
crucial role in tumour cell repopulation following irradiation by activating MAP kinase
and PI3-kinase signaling pathways °°. Though the aim of ionizing radiation is to kill cells,
it has been shown in vitro that repeated exposures of radiation between 1.0 and 2.0 Gy
actually stimulate EGFR and its downstream effectors in cells whiéh have survived
irradia_ltion % Conventional external beam radiation is given in 1.8 Gy fractions, 25 times
to a total of 45 Gy. In the CHART trial however, 1.5 Gy were administered 3 times a day
(4.5 Gy daily) for 12 days **. Pre-operative HDREB is based on 6.5 Gy daily for 5 days
to a total of 25 Gy *. Both these regimens significantly shortened treatment time and

used high doses of radiation daily which could prevent repopulation of tumour cells

leading to locai failvre.

In summary, the combined analysis of VEGF and EGFR is predictive of complete
pathologic tumour response to pre-operative HDREB. Although EGFR alone was found
to independently predict tumour response, the low sensitivity and specificity of the model
may have limited value. A large-scale prospective study is necessary to validate these

findings for patients undergoing pre-operative HDREB.
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6.2 Conclusion
While the finding that the combined analysis of VEGF and EGFR predicts complete
pathologic response to pre-operative HDREB may not allow itself to generalization to
other forms of pre-operative radiotherapy for rectal cancer, the novel method proposed
and validated in this study to evaluate THC could lead to significant changes in how
scoring systems are used to maximally extract useful information from the expression of
proteins and correlate them with clinical endpoints. More specifically, the results of this
study show that evaluating immunoreactivity in a quantitative manner is reproducible
among pathologists and that ROC curve analysis can be applied in conjunction with this
scoring method to select more relevant cut-off scores that should increase the clinical

utility of IHC findings.

The ROC methodology proposed in this study is included in several papers currently in
press which evaiuate the expression of proteins MST1, RKIP, TGF-B and members of the
TGF-B signaling pathway in colorectal cancer *>*’. Additionally, this method has been
used to determine cut-off scores for 20 potential tumor markers in order to determine

their association with tumour budding in colorectal cancer *.
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6.3 Original contributions to science

e First published report on APAF-1 IHC in colorectal cancer as well as on the
predictive value of APAF-1 to pre-operative radiotherapy.

e Proposal and validation of a quantitative scoring system for describing tumour
immunoreactivity

e Development of a novel method for determining cut-off scores for tumor
positivity using a quantitative scoring system (ROC curve analysis)

e First study assessing the predictive value of p53, Bcl-2, VEGF, APAF-1 and

EGFR to pre-operative HDREB



190

References

1.

1v.

11.

12.

13.

14,

15.

No authors. Preoperative short-term radiation therapy in operable rectal
carcinoma. A prospective randomized trial. Stockholm Rectal Cancer Study
Group. Cancer 1990;66:49-55.

Randomized study on preoperative radiotherapy in rectal carcinoma. Stockholm
Colorectal Cancer Study Group. Ann Surg Oncol 1996,3:423-430.

Improved survival with preoperative radiotherapy in resectable rectal cancer.
Swedish Rectal Cancer Trial. N Engl J Med 1997,336:980-987.

Camma C, Giunta M, Fiorica F, et al. Preoperative radiotherapy for resectable
rectal cancer: A meta-analysis. Jama 2000;284:1008-1015.

Chari RS, Tyler DS, Anscher MS, ef al. Preoperative radiation and chemotherapy
in the treatment of adenocarcinoma of the rectum. Ann Surg 1995;221:778-786;
discussion 786-777.

Chen Y, Hyrien O, Williams J, et al. Interleukin (IL)-1A and IL-6: applications to
the predictive diagnostic testing of radiation pneumonitis. Int J Radiat Oncol Biol
Phys 2005;62:260-266.

Dahlberg M, Glimelius B, Pahlman L. Improved survival and reduction in local
failure rates after preoperative radiotherapy: evidence for the generalizability of
the results of Swedish Rectal Cancer Trial. Ann Surg 1999;229:493-497.

Delaney CP, Lavery IC, Brenner A, ef al. Preoperative radiotherapy improves
survival for patients undergoing total mesorectal excision for stage T3 low rectal
cancers. Ann Surg 2002;236:203-207. ‘

Folkesson J, Birgisson H, Pahlman L, et al. Swedish Rectal Cancer Trial: long
lasting benefits from radiotherapy on survival and local recurrence rate. J Clin
Oncol 2005;23:5644-5650.

Gerard JP, Chapet O, Nemoz C, ef al. Improved sphincter preservation in low
rectal cancer with high-dose preoperative radiotherapy: the lyon R96-02
randomized trial. J Clin Oncol 2004;22:2404-2409.

Kapiteijn E, Marijnen CA, Nagtegaal ID, er al Preoperative radiotherapy
combined with total mesorectal excision for resectable rectal cancer. N Engl J
Med 2001;345:638-646.

Valentini V, Coco C, Picciocchi A, et al. Does downstaging predict improved
outcome after preoperative chemoradiation for extraperitoneal locally advanced
rectal cancer? A long-term analysis of 165 patients. Int J Radiat Oncol Biol Phys
2002;53:664-674.

Vecchio FM, Valentini V, Minsky BD, et al. The relationship of pathologic
tumour regression grade (TRG) and outcomes after preoperative therapy in rectal
cancer. Int J Radiat Oncol Biol Phys 2005;62:752-760.

Tannapfel A, Nusslein S, Fietkau R, ef al. Apoptosis, proliferation, bax, bcl-2 and
pS3 status prior to and after preoperative radiochemotherapy for locally advanced
rectal cancer. Int J Radiat Oncol Biol Phys 1998;41:585-591.

Suzuki T, Sadahiro S, Fukasawa M, ef al. Predictive factors of tumour shrinkage
and histological regression in patients who received preoperative radiotherapy for
rectal cancer. Jpn J Clin Oncol 2004;34:740-746.



16.
17.

18.

19.

20.
21.
2.

23.

24.

26.
27.

28.

29.
30.

31

191

Sogawa N, Takiguchi N, Koda K, ef al. Value of expression of p21 WAF1/CIP1
as a prognostic factor in advanced middle and lower rectal cancer patients treated
with preoperative radio-chemotherapy. Int J Oncol 2002;21:787-793.

Scopa CD, Vagianos C, Kardamakis D, et al. bcl-2/bax ratio as a predictive
marker for therapeutic response to radiotherapy in patients with rectal cancer.
Appl Immunohistochem Mol Morphol 2001;9:329-334.

Saw RP, Morgan M, Koorey D, et al. p53, deleted in colorectal cancer gene, and
thymidylate synthase as predictors of histopathologic response and survival in
low, locally advanced rectal cancer treated with preoperative adjuvant therapy.
Dis Colon Rectum 2003;46:192-202.

Rosati G, Chiacchio R, Reggiardo G, et al. Thymidylate synthase expression, p53,
bel-2, Ki-67 and p27 in colorectal cancer: relationships with tumour recurrence
and survival. Tumour Biol 2004;25:258-263.

Okonkwo A, Musunuri S, Talamonti M, ef al. Molecular markers and prediction
of response to chemoradiation in rectal cancer. Oncol Rep 2001;8:497-500.

Nehls O, Klump B, Holzmann K, er al. Influence of p53 status on prognosis in
preoperatively irradiated rectal carcinoma. Cancer 1999;85:2541-2548.

Haffty BG, Glazer PM. Molecular markers in clinical radiation oncology.
Oncogene 2003;22:5915-5925.

Galizia G, Lieto E, Ferraraccio F, et al. Determination of molecular marker
expression can predict clinical outcome in colon carcinomas. Clin Cancer Res
2004;10:3490-3499.

Atkins D, Reiffen KA, Tegtmeier CL, ef al. Immunohistochemical detection of
EGFR in paraffin-embedded tumour tissues: variation in staining intensity due to
choice of fixative and storage time of tissue sections. J Histochem Cytochem
2004;52:893-901. '

Kang SM, Maeda K, Onoda N, ef al. Combined analysis of p53 and vascular
endothelial growth factor expression in colorectal carcinoma for determination of
tumour vascularity and liver metastasis. Int J Cancer 1997,74:502-507.

Kondo Y, Arii S, Furutani M, et al. Implication of vascular endothelial growth
factor and p53 status for angiogenesis in noninvasive colorectal carcinoma.
Cancer 2000;88:1820-1827.

Schwandner O, Schiedeck TH, Bruch HP, ef al. p53 and Bcl-2 as significant
predictors of recurrence and survival in rectal cancer. Eur J Cancer 2000;36:348-
356.

Walker RA. Quantification of immunohistochemistry-issues concerning methods,
utility and semiquantitative assessment 1. Histopathology 2006;49:406-410.
Ghadimi BM, Grade M, Difilippantonio MJ, et al. Effectiveness of gene
expression profiling for response prediction of rectal adenocarcinomas to
preoperative chemoradiotherapy. J Clin Oncol 2005;23:1826-1838.

Nagtegaal ID, Gaspar CG, Peltenburg LT, er al. Radiation induces different
changes in expression profiles of normal rectal tissue compared with rectal
carcinoma. Virchows Arch 2005;446:127-135.

Cecconi F, Gruss P. Apafl in developmental apoptosis and cancer: how many
ways to die? Cell Mol Life Sci 2001;58:1688-1697.



32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.
49.

50.

192

Cuddihy AR, Bristow RG. The p53 protein family and radiation sensitivity: Yes
or no? Cancer Metastasis Rev 2004;23:237-257.

Gastman BR. Apoptosis and its clinical impact. Head Neck 2001;23:409-425.
Hickman ES, Helin K. The regulation of APAF1 expression during development
and tumourigenesis. Apoptosis 2002;7:167-171.

Italiano A, Saint-Paul MC, Caroli-Bosc FX, et al. Epidermal growth factor
receptor (EGFR) status in primary colorectal tumours correlates with EGFR
expression in related metastatic sites: biological and clinical implications. Ann
Oncol 2005;16:1503-1507.

Katsumata K, Sumi T, Tomioka H, et al. Induction of apoptosis by p53, bax, bcl-
2, and p21 expressed in colorectal cancer. Int J Clin Oncol 2003;8:352-356.

Kim JS, Kim JM, Li S, ef al. Epidermal growth factor receptor as a predictor of
tumour downstaging in locally advanced rectal cancer patients treated with
preoperative chemoradiotherapy. Int J Radiat Oncol Biol Phys 2006;66:195-200.

- Kim NK, Park JK, Lee KY, ef al. p53, BCL-2, and Ki-67 expression according to

tumour response after concurrent chemoradiotherapy for advanced rectal cancer.
Ann Surg Oncol 2001;8:418-424.

Lee CG, Heijn M, di Tomaso E, er al. Anti-Vascular endothelial growth factor
treatment augments tumour radiation response under normoxic or hypoxic
conditions. Cancer Res 2000,60:5565-5570.

Luna-Perez P, Arriola EL, Cuadra Y, ef al. p53 protein overexpression and
response to induction chemoradiation therapy in patients with locally advanced
rectal adenocarcinoma. Ann Surg Oncol 1998;5:203-208.

Moorghen M, Ince P, Finney KJ, ef al. Epidermal growth factor receptors in
colorectal carcinoma. Anticancer Res 1990;10:605-611.

Munro AJ, Lain S, Lane DP. P53 abnormalities and outcomes in colorectal
cancer: a systematic review. Br J Cancer 2005;92:434-444.

Robles Al, Bemmels NA, Foraker AB, ef al. APAF-1 is a transcriptional target of
p53 in DNA damage-induced apoptosis. Cancer Res 2001;61:6660-6664.

Vuong T, Belliveau PJ, Michel RP, er al. Conformal preoperative endorectal
brachytherapy treatment for locally advanced rectal cancer: early results of a
phase I/Il study. Dis Colon Rectum 2002;45:1486-1493; discussion 1493-1485.
Vuong T, Devic S, Moftah B, et al. High-dose-rate endorectal brachytherapy in
the treatment of locally advanced rectal carcinoma: technical aspects.
Brachytherapy 2005;4:230-235.

Hanley J. Receiver operating charcteristic (ROC) methodology: the state of the
art. Critical Rev Diagn Imagin 1989;29:307-337.

Huerta S, Goulet EJ, Livingston EH. Colon cancer and apoptosis. Am J Surg
2006;191:517-526.

Watson AJ. Apoptosis and colorectal cancer. Gur 2004;53:1701-1709.

Campioni M, Santini D, Tonini G, er al. Role of Apaf-1, a key regulator of
apoptosis, in melanoma progression and chemoresistance. Exp Dermatol
2005;14:811-818.

Kim YH, Lee JH, Chun H, ef al. Apoptosis and its correlation with proliferative
activity in rectal cancer. J Surg Oncol 2002;79:236-242.



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

193

Brieman L, Friedman J, Olshen R, ef al. Classification and Regression Trees.
Belmont, CA: Wadsworth, Inc; 1984,

Hosmer D, Lemeshow S. Applied Logistic Regression. NY: Wiley & Sons; 1989.

Al-Homoud S, Purkayastha S, Aziz O, et al Evaluating operative risk in
colorectal cancer surgery: ASA and POSSUM-based predictive models. Surg
Oncol 2004;13:83-92.

Bipat S, Glas AS, Slors FJ, ef al. Rectal cancer: local staging and assessment of
lymph node involvement with endoluminal US, CT, and MR imaging--a meta-
analysis. Radiology 2004;232:773-783.

Lind PA, Wennberg B, Gagliardi G, ef a/. ROC curves and evaluation of
radiation-induced pulmonary toxicity in breast cancer. Int J Radiat Oncol Biol
Phys 2006,64:765-770.

Linke SP, Bremer TM, Herold CD, ef al. A multimarker model to predict
outcome in tamoxifen-treated breast cancer patients. Clin Cancer Res
2006;12:1175-1183.

Mroczko B, Szmitkowski M, Wereszczynska-Siemiatkowska U, er al
Pretreatment serum levels of hematopoietic cytokines in patients with colorectal
adenomas and cancer. Int J Colorectal Dis 2006.

Punglia RS, D'Amico AV, Catalona WJ, et al. Impact of age, benign prostatic
hyperplasia, and cancer on prostate-specific antigen level. Cancer 2006;106:1507-
1513.

Shigematsu R, Okura T, Kumagai S, et al. Cutoff and target values for intra-
abdominal fat area for prevention of metabolic disorders in pre- and post-
menopausal obese women before and after weight reduction. Circ J 2006;70:110-
114,

Slim K, Panis Y, Alves A, et al. Predicting postoperative mortality in patients
undergoing colorectal surgery. World J Surg 2006;30:100-106.

Vieira LM, Dusse LM, Fernandes AP, et al. Monocytes and plasma tissue factor
levels in normal individuals and patients with deep venous thrombosis of the
lower limbs: Potential diagnostic tools? Thromb Res 2006.

Lugli A, Zlobec I, Gunthert U, et al. Overexpression of the receptor for
hyaluronic acid mediated motility is an independent adverse prognostic factor in
colorectal cancer. Mod Pathol 2006.

Gross ME, Zorbas MA, Danels YJ, ef al. Cellular growth response to epidermal
growth factor in colon carcinoma cells with an amplified epidermal growth factor
receptor derived from a familial adenomatous polyposis patient. Cancer Res
1991;51:1452-1459.

Koenders PG, Peters WH, Wobbes T, ef al. Epidermal growth factor receptor
levels are lower in carcinomatous than in normal colorectal tissue. Br J Cancer
1992;65:189-192.

McKay JA, Murray LJ, Curran S, ef al. Evaluation of the epidermal growth factor
receptor (EGFR) in colorectal tumours and lymph node metastases. Eur J Cancer
2002;38:2258-2264.

Prewett MC, Hooper AT, Bassi R, ef al. Enhanced antitumour activity of anti-
epidermal growth factor receptor monoclonal antibody IMC-C225 in combination



67.

68.

69.

70.

71.

72.
73.
74.
75.
76.
77.

78.

79.

80.

81.

82.

194

with irinotecan (CPT-11) against human colorectal tumour xenografts. Clin
Cancer Res 2002;8:994-1003.

Radinsky R, Risin S, Fan D, ef al. Level and function of epidermal growth factor
receptor predict the metastatic potential of human colon carcinoma cells. Clin
Cancer Res 1995;1:19-31.

Saeki T, Salomon DS, Johnson GR, et al. Association of epidermal growth factor-
related peptides and type I receptor tyrosine kinase receptors with prognosis of
human colorectal carcinomas. Jpn J Clin Oncol 1995;25:240-249.

Yasui W, Sumiyoshi H, Hata J, er al. Expression of epidermal growth factor
receptor in human gastric and colonic carcinomas. Cancer Res 1988;48:137-141.
Goldstein NS, Armin M. Epidermal growth factor receptor immunohistochemical
reactivity in patients with American Joint Committee on Cancer Stage IV colon
adenocarcinoma: implications for a standardized scoring system. Cancer
2001;92:1331-1346.

Resnick MB, Routhier J, Konkin T, ef al. Epidermal growth factor receptor, c-
MET, beta-catenin, and p53 expression as prognostic indicators in stage II colon
cancer: a tissue microarray study. Clin Cancer Res 2004;10:3069-3075.

Spano JP, Lagorce C, Atlan D, et al. Impact of EGFR expression on colorectal
cancer patient prognosis and survival. Ann Oncol 2005;16:102-108.

Wakeling AE. Epidermal growth factor receptor tyrosine kinase inhibitors. Curr
Opin Pharmacol 2002;2:382-387.

Ferrara N. Vascular endothelial growth factor: basic science and clinical progress.
Endocr Rev 2004;25:581-611.

Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its receptors. Nat
Med 2003;9:669-676.

Folkman 1. Role of angiogenesis in tumour growth and metastasis. Semin Oncol
2002:29:15-18. ;

Jain RK. Tumour angiogenesis and accessibility: role of vascular endothelial
growth factor. Semin Oncol 2002;29:3-9.

Des Guetz G, Uzzan B, Nicolas P, er al. Microvessel density and VEGF
expression are prognostic factors in colorectal cancer. Meta-analysis of the
literature. Br J Cancer 2006;94:1823-1832.

Giatromanolaki A, Sivridis E, Koukourakis MI. Angiogenesis in colorectal
cancer: prognostic and therapeutic implications. Am J Clin Oncol 2006;29:408-
417.

Wong MP, Cheung N, Yuen ST, et al. Vascular endothelial growth factor is up- -
regulated in the early pre-malignant stage of colorectal tumour progression. Int J
Cancer 1999;81:845-850.

Chiarugi V, Magnelli L, Chiarugi A, ef al. Hypoxia induces pivotal tumour
angiogenesis control factors including p53, vascular endothelial growth factor and
the NFkappaB-dependent inducible nitric oxide synthase and cyclooxygenase-2. J
Cancer Res Clin Oncol 1999;125:525-528.

Giatromanolaki A, Stathopoulos GP, Tsiobanou E, et al. Combined role of
tumour angiogenesis, bcl-2, and p53 expression in the prognosis of patients with
colorectal carcinoma. Cancer 1999;86:1421-1430.



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

195

Gorski DH, Beckett MA, Jaskowiak NT, et al. Blockage of the vascular
endothelial growth factor stress response increases the antitumour effects of
ionizing radiation. Cancer Res 1999;59:3374-3378.

Takahashi Y, Bucana CD, Cleary KR, et al. p53, vessel count, and vascular
endothelial growth factor expression in human colon cancer. Int J Cancer
1998;79:34-38.

Tonini T, Rossi F, Claudio PP. Molecular basis of angiogenesis and cancer.
Oncogene 2003;22:6549-6556.

Hellman S. Principles of Cancer Management: Radiation Therapy.

Donovan EA, Kummar S. Targeting VEGF in cancer therapy. Curr Probl Cancer
2006;30:7-32.

Harmey JH, Bouchier-Hayes D. Vascular endothelial growth factor (VEGF), a
survival factor for tumour cells: implications for anti-angiogenic therapy.
Bioessays 2002;24:280-283.

Willett CG, Boucher Y, di Tomaso E, ef al. Direct evidence that the VEGF-
specific antibody bevacizumab has antivascular effects in human rectal cancer.
Nat Med 2004;10:145-147.

Schmidt-Ullrich RK, Contessa JN, Lammering G, et al. ERBB receptor tyrosine
kinases and cellular radiation responses. Oncogene 2003;22:5855-5865.

Giralt J, de las Heras M, Cerezo L, er al. The expression of epidermal growth
factor receptor results in a worse prognosis for patients with rectal cancer treated
with preoperative radiotherapy: a multicenter, retrospective analysis. Radiother
Oncol 2005;74:101-108. ’
Giralt J, Eraso A, Armengol M, ef al. Epidermal growth factor receptor is a
predictor of tumour response in locally advanced rectal cancer patients treated
with preoperative radiotherapy. Int J Radiat Oncol Biol Phys 2002;54:1460-1465.
Bentzen SM, Atasoy BM, Daley FM, et al. Epidermal growth factor receptor
expression in pretreatment biopsies from head and neck squamous cell carcinoma
as a predictive factor for a benefit from accelerated radiation therapy in a
randomized controlled trial. J Clin Oncol 2005;23:5560-5567.

Eriksen JG, Steiniche T, Askaa J, et al. The prognostic value of epidermal growth
factor receptor is related to tumour differentiation and the overall treatment time
of radiotherapy in squamous cell carcinomas of the head and neck. Int J Radiat
Oncol Biol Phys 2004;58:561-566.



196

Publisher’s Copyright Permissions

No copyright permissions are required for any of the published manuscripts in this thesis.



197

Publication List
Manuscripts in press

Zlobec I, Steele R, Terracciano L, Jass JR, Lugli A. Selecting immunohistochemical cut-
off scores for novel biomarkers of progression and survival in colorectal cancer. Journal
of Clinical Pathology (in press).

Lugli A, Zlobec I, Singer G, Kopp Lugli A, Terracciano LM, Genta RM. Napoleon
Bonaparte’s gastric cancer: A clinicopathologic approach to staging, pathogenesis, and
etiology. Nature Clinical Practice (in press).

Minoo P, Zlobec I, Baker K, Tomillo L, Terracciano L, Jass JR, Lugli A. Prognostic
significance of mammalian Sterile20-like kinase 1 in colorectal cancer. Modem
Pathology (in press)

Minoo P, Zlobec I, Baker K, Tomillo L, Terracciano L, Jass J, Lugli A. Loss of Raf-1
kinase inhibitor protein (RKIP) expression is associated with tumor progression and
metastasis in colorectal cancer. American Journal of Clinical Pathology (in press)

Lugli A, Zlobec I, Minoo P, Baker K, Tomillo L, Terracciano L, Jass JR. Prognostic
significance of the wnt signaling pathway molecules APC, B-catenin and E-cadherin in
colorectal cancer. A tissue-microarray based analysis. Histopathology (in press)

Baker K, Zlobec I, Tornillo L, Terracciano L, Jass JR, Lugli A. Differential significance
of tumour infiltrating lymphocytes in sporadic mismatch repair deficient versus proficient
colorectal cancer: A potential role for dysregulation of the transforming growth factor-B
pathway. European journal of Cancer (in press).

Published manuscripts

Jass JR, Baker K, Zlobec I, Higuchi T, Barker M, Buchanan D, Young J. Advanced
colorectal polyps with the molecular and morphological features of serrated polyps and

adenomas: concept of a 'fusion' pathway to colorectal cancer. Histopathology. 2006
Aug;49(2):121-31.

Lugli A, Zlebec I, Minoo P, Baker K, Tomillo L, Terracciano L, Jass JR. Role of the
mitogen-activated protein kinase and phosphoinositide 3-kinase/AKT pathways
downstream molecules, phosphorylated extracellular signal-regulated kinase, and

phosphorylated AKT in colorectal cancer-a tissue microarray-based approach. Human
Pathology 2006 Aug;37(8):1022-31.

Lugli A, Zlobec 1, Baker K, Minoo P, Tomillo L, Terracciano L, Jass J. Prognostic
significance of mucins in colorectal cancer with different DNA mismatch-repair status.
Journal of Clinical Pathology 2006 Jun 30; [Epub ahead of print]

Lugli A, Zlobec I, Gunthert U, Minoo P, Baker K, Tornillo L, Terracciano L, Jass JR.

197



198

Overexpression of the receptor for hyaluronic acid mediated motility is an independent
adverse prognostic factor in colorectal cancer. Modern Pathology 2006 Jun 9; [Epub
ahead of print]

Zlobec I, Steele R, Michel RP, Compton CC, Lugli A, Jass JR. Scoring of p53, VEGF,
Bcl-2 and APAF-1 immunohistochemistry and interobserver reliability in colorectal
cancer. Modern Pathology 2006 Sep;19(9):1236-42.

Zlobec I, Vuong T, Compton CC. The predictive value of apoptosis protease-activating
factor 1 in rectal tumors treated with preoperative, high-dose-rate brachytherapy.
Cancer 2006 Jan 15;106(2):284-6.

Zlobec 1, Steele R, Compton CC. VEGF as a predictive marker of rectal tumor response
to preoperative radiotherapy. Cancer 2005 Dec 1;104(11):2517-21.

Zlobec I, Steele R, Nigam N, Compton CC. A predictive model of rectal tumor response
to preoperative radiotherapy using classification and regression tree methods. Clinical
Cancer Research 2005 Aug 1;11(15):5440-3.

Submitted manuscripts

Zlobec I, Lugli A, Baker K, Roth S, Minoo P, Hayashi, S, Terracciano L, Jass JR.
Tumour budding and lymphocytic infiltration in colorectal cancer: pathobiology of
interactions at the invasive margin and clinical correlations. Gut (submitted).

Zlobec I, Terracciano L, Jass JR, Lugli A. The value of staining intensity in the
interpretation of immunohistochemistry for tumor markers in colorectal cancer. Archives
of Pathology and Laboratory Medicine (under revision).

‘Zlobec I, Vuong T, Hayashi S, Tornillo L, Terracciano L, Lugli A, Jass JR. A simple and
reproducible scoring system for EGFR in colorectal cancer: Application to tumor
progression and prognosis. British Journal of Cancer (submitted).

Zlobec I, Minoo P, Baker K, Haegert D, Khetani K, Tornillo L, Terracciano L, Jass JR,

Lugli A. Loss of APAF-1 expression is associated with tumor progression and adverse
prognosis in colorectal cancer. European Journal of Cancer (submitted).

198



2517

VEGF as a Predictive Marker of Rectal Tumor
Response to Preoperative Radiotherapy

Inti Ziobec, msc.!
Russell Steele pno2
Carotyn C. Compton, mo, pno?

1 Department of Pathology, McGill University, Mon-
treai, Quebec, Canada.

2Department of Mathematics and  Statistics,
McGill University, Montreal, Quebec, Canada.

3 Department of Pathology, McGHi University
Health Centre, Montreal, Quebec, Canada.

The authors thank Dr. Nilima Nigam for input and
contribution to the editing of this article, Julie
Hanck for technical assistance, and Or. Té Vuong
for continued support.

Address for reprints: Intf Zlobec, M.Sc., Depart-
ment of Pathology, Lyman Duff Medical Bldg. 86,
3775 University St., Montreal, Quebec H3A2B4,
Canada; Fax: (514) 398-7446; E-mail: inti.zlobec@
elf.megill.ca

Recelved February 1, 2005; revision received May
9, 2005; accepted July 5, 2005.

© 2005 American Cancer Society
DOl 10.1002/cncr.21484

BACKGROUND. Neoadjuvant radiotherapy for rectal cancer may result in tumor

downstaging or complete tumor regression leading to greater sphincter preserva-
tion. The identification of molecular predictive markers of tumor response to
preoperative radiotherapy would provide an additional tool for selecting patients
most likely to benefit from treatment. The aim of this study was to determine
whether VEGF expression in preirradiation tumor biopsies is a useful predictive
marker of tumor response in patients with rectal cancer undergoing preoperative
radiotherapy.

METHODS. Immunohistochemistry for VEGF was performed on §9 preirradiation
biopsies from patients with completely responsive (ypT0) or nonresponsive tumors
after preoperative radiotherapy. VEGF positivity was evaluated using several scor-
ing methods and the association between VEGF and tumor response was com-
pared. The distribution of VEGF scores was obtained as well as the mean VEGF
expression in the two response groups.

RESULTS. The mean VEGF expression in nonresponsive tumors (NR) was signifi-
cantly greater than in completely responsive tumors (CR) (P = 0.0035). Nearly half
(47%) of all CR tumors had a VEGF expression of 10% or less. Eleven tumors were
negative (0% immunoreactivity) for the protein and all of these (100%) were
complete responders. Fifty-two percent of the NR tumors had VEGF scores of 80%
or greate.. The four zcoring methuds used io determine the association between
VEGF and tumor response each produced significant results (P < 0.05).
CONCLUSIONS. The results of this study indicate that VEGF assessed immunohis-
tochemically from preirradiation tumor biopsies may be a useful marker of rectal
tumor response to preoperative radiotherapy. Cancer 2005;104:2517-21.

© 2005 American Cancer Society.

KEYWORDS: rectal cancer, VEGF, predictive marker, preoperative radiatherapy.

N eoadjuvant radiotherapy is part of standard care for patients with
advanced rectal cancer.! This treatment has been shown to im-
prove survival and may reduce local recurrence rates versus surgery
with or without postoperative radiotherapy.? In addition, tumor
downstaging and complete tumor regression may be achieved with
preoperative radiotherapy leading to greater sphincter preserva-
tion.** The ability to predict tumor response from preirradiation
biopsies may significantly improve the selection of patients for pre-
operative radiotherapy.

Vascular endothelial growth factor (VEGF) is a potent mediator of
tumor angiogenesis.®> VEGF can be activated in tumor cells by several
factors, including oncogenes, tumor suppressor genes, cytokines
(IL-1, IL-6), and hypoxia resulting in secretion of proteolytic enzymes
and matrix metalloproteases that degrade the basement membrane
and extracellular matrix surrounding the tumor.%” These events ulti-

Published onlfine 13 October 2005 in Wiley InterScience (www.interscience.wiley.com).
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mately lead to endothelial cell migration and the for-
mation of a new vasculature that supports the growth
of the tumor and its nutrient requirement.? In situ
hybridization studies show that VEGF mRNA is signif-
icantly elevated in many human cancers and is asso-
ciated with poor clinical outcome and greater aggres-
siveness of the tumor.>® VEGF has been shown to
up-regulate the antiapoptotic gene BCL-2, thereby
acting as a survival factor for both endothelial and
tumor cells.!®!! Activation of VEGF also leads to in-
creased vascular permeability of tumor vessels, caus-
ing them to be ‘leaky’ and less efficient in their ability
to diffuse oxygen.”'? This leaky vasculature appears to
contribute to less efficient delivery of chemotherapeu-
tic agents to the tumor.'%!3

The aim of this study was to determine, from
preirradiation tumor biopsies, the value of VEGF as a
predictive marker of rectal tumor response to preop-
erative radiotherapy.

MATERIALS AND METHODS

Patients

Fifty-nine patients with rectal adenocarcinoma were
entered into the study and informed written consent
was obtained from each. Clinical staging was per-
formed via magnetic resonance imaging (MRI) and
endoscopic ultrasonography (EUS). Patients were
treated on a preoperative conformal high-dose rate
endorectal brachytherapy protocol.'* Patients with
abdominal nodal disease or metastases were excluded
from the study. Radiation was delivered preopera-
tively with a flexible, 8-channel endorectal catheter
using a high-dose-rate remote after-loading system. A
daily fraction of 6.5 Gy was administered over 4 con-
secutive days to a total of 26 Gy. Each patient was
planned by computed tomography (CT) simulation
before treatment with the endorectal catheter in place.
To obtain optimal conformal dosimetry for each indi-
vidual tumor, differential loading of the eight channels
was performed. Patients underwent surgery 4-8
weeks later, regardless of tumor response.

Tumor response was evaluated pathologically
from the postoperative specimens. Complete tumor
response was defined as no evidence of residual car-
cinoma or ypT0.'S Partial response was characterized
by the presence of microfoci of residual carcinoma
typically measuring from 0.3-0.9 cm in diameter.
Nonresponsive tumors have large residual carcinoma
with absence of microfoci. Residual tumors ranged
from 2-6 cm in diameter. For the purposes of this
study, only completely responsive and nonresponsive
tumors were evaluated.
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Immunohistochemistry

Preirradiation, formalin-fixed paraffin-embedded tu-
mor biopsies from all 59 patients were collected. Im-
munohistochemistry for VEGF was performed using
the avidin-biotin complex (ABC; Vector Laboratories,
Burlingame, CA) procedure, including heat-induced
antigen retrieval procedures. Incubation with poly-
clonal anti-VEGF antibody (Santa Cruz Biotechnology,
Santa Cruz, CA; VEGF-A20, 1:100) was carried out at 37
°C for 1 hour. Negative controls were treated identi-
cally with primary antibody omitted. Tissue from gli-
oblastoma was used as the positive control.

Scoring of VEGF Immunohistochemistry

Evaluation of VEGF immunoreactivity was made by
two independent observers. The percentage of posi-
tive tumor cells was determined by each observer and
the average of the two scores was obtained.

Several scoring systems have previously been
used to evaluate VEGF positivity.'®~* In this study, the
average scores obtained by the observers were used to
compare the following scoring methods: 1) negative/
positive: negative tumor with 0% VEGF staining versus
positive tumor with any degree of staining; 2) 10%
cutoff: positive tumor with more than 10% immuno-
reactive tumor cells; 3) 0, 1+, 2+, 3+: tumor is nega-
tive for VEGF (0), has fewer than 20% positive cells
(1+), has 20-50% positive staining (2+). or has greater
than 50% staining (3+); 4) percentages: the actual
percentage of positive tumor cell staining obtained by
the observers.

Assessment of VEGF immunoreactivity from
preirradiation tumor biopsies was performed blinded
to postoperative tumor response.

Statistical Analysis

Patient and tumor characteristics were assessed by the
chi-square test. The Wilcoxon Rank Sum test was used
to evaluate differences in mean VEGF expression be-
tween response groups. P < 0.05 was considered sta-
tistically significant. Analysis of VEGF immunoreactiv-
ity and response was carried out by the Fisher exact
and chi-square tests for scoring methods 1-3. Logistic
regression was used to test for differences in VEGF and
tumnor response in scoring method 4. All analyses were
carried out using SAS, 8th ed. (SAS Institute, Cary,
NC).

RESULTS

Pathologic evaluation of the irradiated tumor bed
postoperatively identified 30 tumors with complete
response and 29 with no response to radiotherapy.



TABLE 1

Patlent and Tumor Characteristics (N = 59)

Characteristics Female Male
Ageinyrs

Median 65.5 66.4
Maximum 9l a8
Minimum 49 38
Tumor stage %

¢T2 5.9 29
3 94.1 912
cT4 0 59
Nodal status %

Positive 353 294
Negative 64.7 706
Tumor response %

Complete 03 05
No response 136 356
Total 339 66.1

“
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FIGURE 1. Distribution of VEGF scores for the response groups. Complete
response: pink bars, no response: blue bars.

Patient and tumor characteristics are summarized in
Table 1. ,

Cytoplasmic immunoreactivity ranged from
0-100%. The mean VEGF expression in nonresponsive
(NR) tumors was 63% and was significantly greater
than completely responsive (CR) tumors (37.31%) (P
= 0,0035). No significant association between age,
gender, stage, or nodal status and tumor response was
found.

The distribution of VEGF scores for each response
group is shown in Figure 1. Nearly half (47%) of all CR
tumors were found to have a VEGF expression of 10%
or less. Of those, 11 tumors (79%) were negative for the
protein (no VEGF expression). All NR tumors showed
some degree of VEGF positivity. Fifteen of these 29
tumors (52%) had at least 80% immunoreactivity. Ten
NR tumors had more than 90% VEGF expression,
whereas only 2 CR tumors (6%) were found in this
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TABLE 2
Comparison of Scoring Methods Used to Determine the Assoclation
of VEGF and Tumor Response

Scoring methods P-values
1) Presence/negative 0.0007
2) 10% cutoff 0.0153*
3)0,14,24,3+ 0.0026°
4) Percentages 00172

P-values computed from

* Fisher exact lest

® chi-square test

© logistic regression.

région. The association between VEGF expression and
tumor respanse produced by each of the four scoring
systems is listed in Table 2. All methods yielded a
statistically significant association between VEGF im-
munoreactivity and tumor response (P < 0.05).

These results appear to indicate that tumors com-
pletely responsive to preoperative brachytherapy most
often express no or low levels of VEGF in their pre-
treatment biopsies, whereas nonresponsive tumors
are generally highly immunoreactive.

DISCUSSION
The identification of molecular predictive markers of
tumor response to preoperative radiotherapy would
provica an additional tool for selecting patients most
likely to benefit from treatment. Recently, the role of
VEGF in angiogenesis and, particularly, in colorectal
cancer has been investigated. Inmunohistochemistry
studies have shown VEGF to be absent in normal
colorectal mucosa, while carcinomas are highly im-
munoreactive.'®?° Wong et al.? investigated the tem-
poral relationship between VEGF expression and tu-
mor progression from adenoma to carcinoma. They
found that activation of VEGF was an early event in
the adenoma-carcinoma sequence, suggesting that
VEGF may be an angiogenesis-initiating factor in the
early phase of tumor development. In colorectal car-
cinoma, no difference in stage-specific VEGF expres-
sion has yet been reported. Nozue et al.'® described
VEGF status before and after preoperative radiother-
apy in locally advanced rectal cancers. They found a
greater number of VEGF-positive tumors and more
intense VEGF immunoreactivity after treatment. Up-
regulation of VEGF has been associated with poor
prognosis in patients with colorectal cancer and
linked to liver metastasis.?!-?

Hypoxia is a major inducer of VEGF activation,
which occurs primarily through the transcription of
hypoxia-inducible factor 1-alpha (HIF-1a).” Tumor



growth leads to limitations in oxygen diffusion pro-
vided by the host vasculature, creating areas of hyp-
oxia.?® In response to this low oxygen tension, tumor
cells either undergo apoptosis or begin to produce
VEGF to induce vasculature that will in turn increase
oxygen delivery to sustain their survival.®* In addition,
VEGF may activate Bcl-2, an antiapoptotic protein.!!!
This may further contribute to the survival advantage
of tumor cells expressing VEGF.

Our results show that low or absent VEGF in preir-
radiation rectal tumor biopsies is strongly associated
with complete tumor response. A comparison of mean
VEGF expression shows that nonresponsive tumors
are more highly immunoreactive and have a signifi-
cantly greater overall VEGF expression than com-
pletely responsive tumors. Of those tumors negative
for VEGF, all (100%) were completely responsive to
therapy.

In this study, we further investigated whether a
variety of frequently used VEGF scoring methods af-
fect the predictive value of the protein. The over-
whelming majority of studies use a scoring method
based on the 10% cutoff point.'92%2425 Qur resuits
demonstrate that VEGF may be predictive of tumor
response to preoperative brachytherapy regardless of
the scoring system used. However, the selection of the
scoring method may have a nonnegligible affect on
the final interpretation of the results. More research
must be done in the area of scoring methods and how
their interpretatior may affect the predictive value of
the protein.

Although most complete responders are found in
the lower end of the distribution of VEGF scores in-
cluding nearly half with 10% immunoreactivity or less,
approximately 26% have more than 80% positive tu-
mor cell staining for VEGF. One explanation for this
may lie in the fact that the expression of VEGF is not
sufficient for angiogenesis to occur.” Numerous anti-
angiogenic proteins are secreted by tumor cells in-
cluding endostatin, angiostatin, and thrombospon-
dins whose apoptotic action on endothelial cells
counterbalances the effects of proangiogenic
agents.”?® The ‘switch' or imbalance of pro- and an-
tiangiogenic factors leading to tumor angiogenesis
may not have yet occurred in these completely re-
sponsive yet highly immunoreactive tumors.® Simi-
larly, nonresponsive tumors with low VEGF levels may
be more antiangiogenic. If so, other mechanisms of
radioresistance may be in place in these tumors, such
as an imbalance of proliferation versus apoptosis, or
deregulated cell-cycle arrest. It may therefore be im-
portant to study VEGF in combination with proteins
that may have predictive potential such as p53, p27,
Bcl-2, or cyclin D and E*"*!

CANCER December 1, 2005 / Volume 104 / Number 11

In summary, the results of this study indicate that
VEGF assessed immunohistochemically from preirra-
diation tumor biopsies may be a useful marker in the
prediction of tumor response to preoperative radio-
therapy.
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BACGKGROUND. The objective of this study was to assess the value of apoptosis
protease-activating factor 1 (APAF-1) as a predictive marker of response in rectal
tumors treated with preoperative, high-dose-rate endorectal brachytherapy.
METHODS. immunohistochemistry for APAF-1 was performed on 94 rectal tumor
biopsy specimens from patients who were treated on a preoperative, high-dose-
rate brachytherapy protocol. Tumors were considered positive when > 10% of
tumor cells were immunoreactive. The association between APAF-1 expression and
tumor response was made using the chi-square test,

RESULTS. Forty-four tumors (43%) were positive for APAF-1. Thirty tumors had
complete pathologic tumor regression after preoperative radiotherapy. Of these, 18
tumors were positive for APAF-1. A partial response occurred in 35 tumors. Eigh-
teen tumors (51%) were positive for the protein. Only 8 of 29 nonresponsive tumors
(28%) were immunoreactive for APAF-1. A significant association was found be-
tween complete tumor regression and positive APAF-1 status (P = 0.018). APAF-1
expression in partially responsive tumors was significantly greater than in nonre-
sponsive tumors (P = 0.03).

CONCLUSIONS. Al AF-1 expression in pretreatment rectal tumor biopsy specimens
inay be usetul s a predictive marker of :esponse to preoperative radiotherapy in
patients with rectal carcinoma. Cancer 2006;106:284-6.

© 2005 American Cancer Society.

KEYWORDS: rectal carcinoma, apoptosis protease-activating factor 1, preoperative
radiotherapy, tumor marker.

Apoptosis. or programmed cell death, is an essential process in
normal development and tissue homeostasis, because it acts to
counter abnormal cell proliferation.! The inhibition and deregulation
of apoptotic pathways contribute to the pathogenesis of colorectal
carcinoma and have been shown to increase tumor resistance to
radiotherapy.? Tumor cell response to radiation may manifest primar-
ily through the activation of proapoptotic factors, resulting in mito-
chondria-mediated cell death.?

Apoptosis protease-activating factor 1 (APAF-1) is a 130-kD pro-
tein that plays a central role in mitochondrial apoptosis.® In response
to apoptotic stimuli, such as radiation, APAF-1 binds cytochrome ¢
and procaspase 9 in the presence of adenosine triphosphate to form
a multiproteic complex called the apoptosome.? Activation of pro-
caspase 9 by autocatalytic cleavage initiates a cascade of downstream
effector caspases, ultimately resulting in apoptosis.>* The objective of
this study was to determine whether APAF-1 from pretreatment tu-

Published online 28 November 2005 in Wiley InterScience (www.interscience.wiley.com).



mor biopsies is predictive of response to preoperative
radiotherapy in patients with locally advanced rectal
tumors.

MATERIALS AND METHODS

Ninety-four patients with rectal adenocarcinoma were
entered into the study, and informed written consent
was obtained from each- participant. Patients were
staged according to the International Union against
Cancer classification by both endorectal ultrasonogra-
phy and magnetic resonance imaging (MRI). Patients
with abdominal lymph node disease and patients who
had distant metastases were excluded from the study.
Radiation was delivered preoperatively with an eight-
channel endorectal catheter using a high-dose-rate

remote after-loading system.5 A daily fraction of 6.5

grays (Gy) was administered over 4 consecutive days
up to a total of 26 Gy. Doses were planned for each
patient by using a computed tomography simulator to
obtain optimal conformal dosimetry. The dose was
prescribed to a clinical target volume that included the
macroscopic tumor volume and any intramesorectal
deposits visible at MRI. Patienits underwent tumor-
directed surgery 4-8 weeks after brachytherapy re-
gardless of tumor response.

Pathologic response to preoperative radiotherapy
was based on postoperative evaluation of the tumor
specimen. A complete tumor response was defined as
no histologic evidence of residual. viable carcinoma
(ypTO0); a partial response was determined by the pres-
ence of microfoci of residual carcinoma; and a nun:<-
sponse was characterized by large areas of residual
carcinoma.

immunohistochemistry

Immunohistochemistry was used to detect the pres-
ence of APAF-1 from each of the 94 pretreatment
tumor biopsy specimens. Formalin fixed, paraffin em-
bedded sections were cut at a thickness of 3 um and
were dried at 37 °C overnight. Inmunohistochemistry
was performed using the avidin-biotin complex pro-
cedure, including heat-induced epitope-retrieval and
enzymatic antigen-retrieval procedures. Incubation
with anti-APAF-1 (NCL-APAF-1; Novocastra; 1:100 di-
lution) was carried out in a moist chamber at 37 °C for
1 hour. Negative controls were treated identically with
the primary antibody omitted. Positive controls con-
sisted of normal skin tissue. Immunohistochemistry
was evaluated by two independent observers. Tumors
were considered positive using the standard > 10%
cut-off scoring system.® Evaluation of APAF-1 from
preirradiation tumor biopsy specimens was per-
formed by evaluators who were blinded to postoper-
ative tumor response.

Predictive Value of APAF-1/Zlobec et al. 25

Statistical Analysis

The association between positive APAF-1 status and
tumor response was evaluated by using the chi-square
test. Multivariate analysis of patient age, gender, tu-
mor grade, and clinical stage was assessed by re-
sponse. Statistical analyses were performed using SAS
software (version 8.2; SAS Institute, Cary, NC. P values
< 0.05 were considered significant.

RESULTS

Clinical staging revealed 3 clinical T2 (cT2) tumors, 3
cT4 tumors, and 88 cT3 tumors. Age, gender, and
tumor grade were not associated with tumor response.
Of the 94 tumor biopsies, 43% were positive for
APAF-1. Thirty tumors had complete pathologic tumor
regression after preoperative radiotherapy. Of these,
18 tumors were positive for APAF-1. A partial response
occurred in 35 tumors. Eighteen tumors (51%) were
positive for the protein. Only 8 of 29 nonresponsive
tumors (28%) were immunoreactive for APAF-1. A sig-
nificant association was found between complete tu-
mor regression and positive APAF-1 status (P = 0.018).
Similarly, APAF-1 expression in pretreatment tumor
biopsies from partially responsive tumors was signifi-
cantly greater than in nonresponsive tumors (P
= 0.03).

DISCUSSION

Among the advantages of preoperative radiotherapy
for the treatment of locally advanced rectal carcinoma
is tumor regression, which generally is carried out by
rapid, mitochondria-dependent apoptosis.! Complete
pathologic tumor regression or a partial tumor re-
sponse can be achieved in these tumors, increasing
the probability of sphincter-sparing procedures.” The
ability to predict tumor response before treatment
using immunohistochemistry for the proteins in-
volved in programmed cell death, such as APAF-1,
may provide an additional criterion for the selection of
patients for treatment with radiotherapy. The role of
APAF-1 has been investigated in melanoma, cervical
carcinoma, and other tumor types.®® However, its
value as a predictive marker in colorectal carcinoma
has yet to be established.

APAF-1 appears to play a crucial role in normal
development. APAF-1-deficient mice embryos typi-
cally die in utero or shortly after birth and exhibit
severe craniofacial abnormalities, retention of inter-
digital webs, and abnormal eye and inner ear devel-
opment.'® APAF-1 knock-out mice show brain over-
growth because of hyperproliferation of neuronal
cells.!! Heterozygous mice do not show these alter-
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ations, suggesting that APAF-1 may function as a tu-
mor suppressor gene.'?

APAF-1 appears to be an essential component of
p53-mediated apoptosis. Robles et al. identified a clas-
sic p53-responsive element upstream of the APAF-1
promoter site.'> When it is bound, p53 leads to the
induction of APAF-1 gene expression. An inverse cor-
relation was found between p53 mutation and APAF-1
expression in melanoma cell lines.!* Evidence sug-
gests that the E2F1 transcription factor targets APAF-1
by binding at a site near the APAF-1 promoter re-
gion.!® This activation may lead to disruption of the
retinoblastoma pathway, resulting in apoptosis in a
p53-independent manner.*

Previous studies in patients with rectal tumors
who were treated with preoperative radiotherapy have
investigated the potential use of apoptotic indices (the
proportion of tumor cells undergoing apoptosis) from
pretreatment biopsies to predict tumor response.'*
Indices of 1-5% appear to correlate significantly with
response, whereas nonresponsive tumors have a lower
proportion of apoptotic tumor cells (0.5-1.44%).15:1¢
Although a higher apoptotic index appears to corre-
spond to a greater likelihood of response, investigators
have questioned whether the assessment of apoptosis
by terminal deoxyuridine triphosphate nick-end label-
ing or hematoxylin and eosin processing simply may
not be a reflection of the increased proliferation rate of
the tumor.!’

The assessment of APAF-1 in rectal tumors may

not necessarily be a direct reflectivn of the apoptotic

state of the cell but, rather, reflects its potential for
mitochondria-dependent cell death. Other mecha-
nisms may be influencing APAF-1 expression. For ex-
ample, Bcl-2 and Bax, located between the inner and
outer mitochondrial membrane, function to inhibit
and stimulate cytochrome ¢ release, respectively.
Therefore, it may be important to study APAF-1 ex-
pression in relation to other proapoptotic and anti-
apoptotic proteins.

In the current study, the predictive value of
APAF-1 in rectal carcinoma was evaluated. A signifi-
cant association was found between APAF-1 in pre-
treatment rectal tumor biopsies and response to pre-
operative brachytherapy. We conclude that APAF-1
may be a useful predictive marker of response to pre-
operative radiotherapy in patients with locally ad-
vanced rectal tumors.
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A Predictive Model of Rectal Tumor Response to Preoperative
Radiotherapy Using Classification and Regression Tree Methods

Inti Zlobec," Russell Steele,? Nilima Nigam,? and Carolyn C. Compton®

Preoperative radiotherapy for rectal cancer can significantly
improve patient survival and reduce local recurrence rates
versus postoperative radiation or surgery alone (1-4). Addi-
tionally, high-dose-rate preoperative conformal endorectal
brachytherapy, a novel therapeutic approach to the treatment
of invasive rectal cancer, may result in more frequent tumor
down-staging or complete tumor regression, leading to a greater
number of sphincter-sparing procedures (5, 6). The ability to
predict tumor response before treatment may significantly
impact the selection of patients for preoperative radiotherapy as
well as potentially modify postoperative treatment plans.

It is now recognized that the differential expression of genes
governing cell cycle arrest and apoptosis is an important
determinant of radioresponse (7, 8). In normal cells, the p53
tumor suppressor gene mediates both cell cycle arrest and
apoptosis through the transcriptional activation of p21, BCL-2,
and BAX among others (9). In response to DNA damage, p53
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enhances the transcription of p21, a cyclin-dependent kinase
inhibitor that delays the progression of cells from G; to S phase
of the cell cycle, thereby preventing the replication of damaged
DNA (10). p21 has been associated with radiosensitivity and
improved outcome in rectal tumors following preoperative
radiotherapy (11-13).

Mutations of p53 in rectal cancer have been linked to
decreased survival and aggressive malignant behavior (14, 15).
Kandioler et al. (16) showed, by DNA sequencing, that p53
mutations were predictive of lower survival rates and decreased
response to preoperative radiotherapy. Similar studies using
immunohistochemistry to detect p53 protein yield contra-
dicting results (17 -20).

p53 may alter angiogenesis by activating vascular endothelial
growth factor (VEGF), a potent mediator of new blood vessel
formation in tumorigenesis (21, 22). Expression of VEGF is
induced by other factors as well, most notably hypoxia (23).
In situ hybridization studies have found that transcription of
VEGF mRNA in rectal tumors is up-regulated during the
progression from adenoma to carcinoma (21, 22, 24, 25). Anti-
VEGF therapy, in combination with chemotherapy and/or
radiotherapy for rectal cancer, is an area of active investigation
(26, 27).

Disruption of mitochondrial function and release of
cytochrome ¢ are early events in the apoptotic cascade (28).
In the cytoplasm, cytochrome ¢ associates with APAF-1,
initiating the downstream cleavage of caspases and eventually
resulting in cell death (28, 29). Although little is known about
APAF-1 function, loss or mutation of APAF-1 has been
associated with radioresistance in several tumor types {30).

www.aacrjournals.org



CART as a Predictive Model of Tumor Response

Bcl-2, an antiapoptotic protein inhibiting release of cyto-
chrome ¢ and activation of APAF-1, is induced by VEGF and
may play a role in determining radioresponse (28 -30).

In this study, VEGF, Bcl-2, p21, p53, and APAF-1 in
pretreatment rectal biopsies from patients undergoing preop-
erative conformal high-dose rate brachytherapy (5) were
evaluated by immunohistochemistry. Classification and re-
gression tree (CART) methods were then used to assess the
value of each protein in predicting tumor response.

Patients and Methods.

This study was approved by the Research Ethics Committee of the
McGill University Health Center and informed written consent was
obtained from 62 patients with rectal adenocarcinoma. Clinical staging
according to the International Union against Cancer classification was
carried out by both endorectal ultrasonography and magnetic
resonance imaging. On the occasion of a disagreement between
methods, the highest stage was assigned. Patients with abdominal
nodal disease were excluded from the study as were patients with
distant metastases. Three patients had T, tumors, one had cT,, and 58
were (T;. Radiation was delivered preoperatively with an eight-channel
endorectal catheter using a high-dose rate remote after-loading system.
A daily fraction of 6.5 Gy was administered over 4 consecutive days to
a total of 26 Gy. Each patient was planned using a computed
tomography simulator to obtain optimal conformal dosimetry. The
dose was prescribed to a clinical target volume that included the gross
tumor volume and any intramesorectal deposits visible at magnetic
resonance imaging. Patients underwent cancer-directed surgery 4 to
8 weeks after brachytherapy regardless of tumor response.

Tumors were classified as responsive (complete or partial
response) or nonresponsive to brachytherapy based on the patho-
logic evaluation of the specimen postoperatively. Complete response
was defined as no histologic evidence of residual viable carcinoma
(ypTo). Partial response was characterized by the presence of at least
one microfoci of residual carcinoma. Microfoci ranged from 0.3 to
0.9 cm in diameter. Nonresponsive tumors consisted of larger areas
of residual carcinoma, rather than microfoci, that could be identified
macroscopically and ranged in size from 2 to 6 cm.

Immunohistochemistry. Immunohistochemistry was used to detect
p53. p21, Bcl-2, VEGF, and APAF-1 from pretreatment tumor biopsies.
Formalin-fixed, paraffin-embedded serial sections were cut at 3 um
and dried at 37°C overnight. Immunohistochemistry was done using
the avidin-biotin complex procedure, including heat-induced epitope
retrieval and enzymatic antigen retrieval procedures. Incubation was
carried out overnight at 4°C for p21 (clone $X118, 1:100; DAKO,
Glostrup, Denmark), Bcl-2 (cdone 124, 1:100; DAKO), and VEGF
(VEGF-A20, 1:100; Santa Cruz Biotechnology, Santa Cruz, CA), and in
a moist chamber at 37°C for 1 hour for p53 (clone DO-7, 1:100;
DAKO) and APAF-1 (NCL-APAF-1, 1:100; Novocastra, Newcastle,
United Kingdom). Negative controls were treated identically with
primary antibodies omitted. Positive controls consisted of tissue
known to contain the protein of interest. Immunostaining was scored
as a percentage of positive tumor cells by two independent observers.

Statistical model. CART methods were used to determine which
proteins best predicted response to treatment (31). The CART trees
were fit using the R statistical software tree library package (R
Foundation for Statistical Computing, 2004, Vienna, Austria). The best
tree fit to the full data has eight terminal nodes (tree not shown) with
an overall misclassification rate of 16% (10 of 62).

To assess the amount of overfitting, we did 1,000 10-fold cross-
validation experiments (32). In each of those 1,000 experiments, the data
set was randomly split into 10 smaller data sets and a pruning method
was used to choose the best number of nodes for the original tree pruned
with respect to 90% of the data according to the misclassification rate for
the other 10% of the data. Although the best average misclassification
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rate across 1,000 simulations was for five terminal nodes, the difference
between five terminal nodes and one terminal node was very small
(<1%). With further exploration, we found that average classification
rate for one terminal node is primarily due to high variance resampling
the small number of patients with zero traces of VEGF in the biopsy. With
the reasonably large percentage of responsive tumors in the data set,
many resampled data sets consisted primarily of responsive tumors
(which made trees with one terminal node competitive with five terminal
nodes in terms of misclassification rates).

To resolve the uncertainty in assessing the optimal number of
terminal nodes for the full data set, we conducted a two-tailed
Fisher’s exact test (33) to test for a relationship between the absence/
presence of VEGF and response/nonresponse to treatment (Table 1).
The P value for the Fisher's exact test was <0.03, indicating a
significant relationship between absence/presence of VEGF and
response/nonresponse to treatment. Because of the instability of the
full cross-validation due to the large effect of VEGF but the small
number of subjects with negligible VEGF, we removed those 10
observations from the subsequent CART analyses. We fit a new
classification tree with the remaining 52 observations and, using 100
10-fold cross-validation experiments, obtained an optimal tree with
four terminal nodes. An average cross-validated 22% misclassification
rate on the four-node subtree was observed conditioning on positive
VEGF levels. We want to emphasize that the best number of terminal
nodes for full data set is five and that our subanalysis using Fisher’s
exact test is merely to confirm that there is strong evidence that VEGF
can be used to predict responsiveness to tumors and moderately
strong evidence that the remainder of the splits in our five-node tree
can improve classification rates beyond that first split.

Results

Postoperative pathologic evaluation of the irradiated tumor
bed gave rise to 43 responsive tumors (20 with complete
response and 23 with partial response} and 19 nonresponsive
tumors. The tumor stage distribution before and after brachy-
therapy may be found in Table 2. Cytoplasmic immunoreactivity
for VEGF, APAF-1, and Bcl-2 ranged from 0% to 100% tumor cell
staining. Nuclear immunoreactivity for p53 and p21 varied from
0% to 100% and from 0% to 40% tumor cell staining,
respectively.

Of the five proteins initially selected for their potential
predictive value, only VEGF, Bcl-2, and p21 contributed to the
classification of responsive and nonresponsive tumors (Fig. 1).
All 10 tumors with no VEGF immunoreactivity were completely
responsive to therapy (ypTo). Those with >2% VEGF expression
were further subdivided by the percentage of positive tumor cell
staining for Bcl-2 and p21. A high classification rate was reached
for tumors with no Bcl-2 and <92.5% immunostaining for VEGF.
Such tumors were responsive to therapy in over 85% of cases

Table 1. Two-way table displaying the deleterious
effect of positive VEGF levels on response to treatment .

VEGF above 0 Response to treatment Total
No Yes

Yes 19 33 52

No 0 10 10

Total 19 43 62

NOTE: P value for Fisher’s exact test of independence € 0.03.
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To W T, T3 T, Total

Pretreatment clinical stage (cT) 3 58 1 62
Postoperative pathologic stage (ypT) 20 11 17 14 0 62

whereas those with greater VEGF levels were largely nonrespon-
sive (71%). Less efficient discrimination was observed in Bcl-2 -
positive tumors. Of the 10 Bcl-2 - positive tumors, 8 had <1.5%
tumor cell staining for p21.

As tumors grow, their requirement for oxygen and nutrients
expands beyond the limit of oxygen diffusion provided by the
host vasculature (34). This creates a microenvironment of
hypoxia in the central region of the tumor resulting in apoptosis
in cells susceptible to low oxygen tension (35). Persistent
hypoxic conditions lead to the production of VEGF (29). This
cytokine serves as a mitogen for endothelial cells and activates
proteolytic enzymes involved in the degradation of the basement
membrane as well as the extracellular matrix (27). These
processes ultimately result in the growth of a tumor vasculature.
The new blood vessels are characterized by increased perme-
ability, causing less efficient delivery of chemotherapeutic agents
and decreasing response to radiotherapy (27, 29). Several studies
have investigated serum VEGF levels as a prognostic marker in
patients with colorectal cancer. A significant association between
elevated preoperative serum VEGF and worse prognosis has been
reported (36-38).

VEGF has also been shown to act on tumor cells by inducing
Bcl-2 (27, 39). Early in the colorectal adenoma-carcinoma
sequence, both VEGF and Bcl-2 seem to be up-regulated (25). In
invasive cancer, VEGF levels increase whereas Bcl-2 expression
may be significantly reduced (25, 40). Bcl-2 could, therefore, be
important primarily in sustaining cell survival under initial

hypoxic conditions until oxygen and nutrients can be reached via
diffusion from newly formed tumor vessels. The presence of
VEGF is likely an indirect reflection of the hypoxic state of the
tumor.

Of the 10 tumors in this study that had no VEGF, all (100%)
were responsive to radiotherapy. Absence of the protein may
signify a well-oxygenated tumor that has not yet acquired the
need for additional tumor vessels. Vascular permeability and
partial oxygen pressure are maintained, thereby enhancing
tumor response. Bcl-2 - negative tumors with low levels of VEGF
may not only be retaining their vascular permeability but might
also be more susceptible to radiotherapy due to a lessened
antiapoptotic signal. In this study, 85% of tumors with no Bcl-2
and with VEGF <92.5% were responsive to therapy. Nonrespon-
sive Bcl-2 - negative tumors with nearly all cells positive for VEGF
may no longer require the survival advantage of Bcl-2 provided
angiogenesis has already occurred.

Several studies have described both proliferation- and
apoptosis-inhibiting roles for p21 (41). Others have reported
an association between p21 in pretreatment rectal tumor
biopsies and sensitivity to preoperative radiotherapy (11). In
our study, p21-negative/bcl-2 -positive tumors were largely
nonresponsive to treatment (73%); p21-positive/bcl-2 - negative
tumors were generally associated with responsiveness (71%).
However, due to the small number of tumors in our sample, it
may be imprudent to draw a conclusion regarding p21 from
these data.

There may be several factors confounding the results of this
study. First, misclassification of clinical stages using magnetic
resonance imaging for rectal cancer has recently been reported
as high as 15% for pT; tumors (42). More than 95% of
patients included in this study were staged by magnetic
resonance imaging as ¢T3. This may be an overestimation of
the true number of T3 tumors in our sample. The results of this
study may prove to be stage dependent. Second, protein
expression in biopsies may not be representative of the entire
tumor. p21-positive nuclei, for example, cluster and are
typically concentrated in the upper one third of the colorectal
mucosa. This may possibly be contributing to the inconclusive
results involving p21 (43). Third, it is reasonable to assume

VEGF<1
[l
Response Fig. 1. Optimal tree chosen by cross-validation
0, 10) B Cl'2|<0'25 after preliminary step classifying by the absence
(0.00, 1.00) or presence of VEGF, The two sets of numbers
underneath each terminal node are (number of
observed nonresponsive subjects, number of
observed responsive subjects) and (proportion
VEGF<92.5 p21<is of observed nonresponsive subjects, proportion
of observed responsive subjects), respectively,
for each terminal node.
Response Non-response Non-Response Response
4,23) (5.2 (3.3) (2,5)
(0.15, 0.85) (0.71,0.29) (0.73,0.27) (0.29,0.71)
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that the time delay between preoperative brachytherapy and
surgery varies between patients. This difference may be
affecting the pathologic diagnosis of response/nonresponse in
these tumors postoperatively.

Despite these limitations, the results of this study suggest
that VEGF and Bd-2 status in pretreatment biopsies are
important in predicting response of invasive rectal tumors to
preoperative brachytherapy. Tumors absent for VEGF were
associated with complete response to therapy. Those negative
for Bcl-2 and with less than maximum immunoreactivity for
VEGF were most frequently responsive to radiotherapy (85%).

Whether these results may be upheld across other treatment
regimens, such as neoadjuvant radiochemotherapy, remains to
be seen. There is evidence to suggest that VEGF, Bcl-2, and p21

may play a role in predicting tumor response to this therapy
(44 - 46). It may, however, be important to tailor the selection
of proteins used in the CART to incorporate other potential
predictive markers specific to this treatment.

In conclusion, VEGF and Bcl-2 status in pretreatment tumor
biopsies may prove to be an additional tool in patient selection
for preoperative high-dose rate endorectal brachytherapy. A
large-scale prospective study is necessary to validate these
preliminary findings.
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Scoring of p53, VEGF, Bcl-2 and APAF-1
immunohistochemistry and interobserver
reliability in colorectal cancer
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Molecular tumor markers are often studied in colorectal cancer using immunohistochemistry to determine their
prognostic or predictive value. Protein expression is typically assigned a ‘positive’ score based on a
predetermined cutoff. A semiquantitative scoring method that evaluates the percentage of positive tumor celis
(0-100%) may provide a better understanding of the prognostic or predictive significance of these markers. The
aim of this study was to assess and compare the interobserver agreement of immunohistochemistry scores
using a percentage scoring method and three categorical scoring systems. Immunohistochemistry for p53, Bel-
2, vascular endothelial growth factor (VEGF) and apoptotic protease activating factor-1 (APAF-1) was performed
on 87 tumor biopsies from patients with rectal carcinoma and scored independently by four pathologlsts as the
percentage of positive tumor cells. Interobserver agreement was assessed by the intraclass correlation
coefficlent. The intraclass correlation coefficients for p53 and VEGF (> 0.6) indicate substantial agreement
between observers. The distribution of Bcl-2 and APAF-1 scores in addition to weaker interobserver agreement
by percentage scoring suggest that this approach may not be appropriate for these proteins. In conclusion, p53
and VEGF protein expression assessed by irmunohistochemistry in colorectal cancer and gcored as a

percentage of positive tumor cells may be a viable alternative scoring method. )
M~dem Patholcgy (2076) 19, 1236~-1242. dei-10.1038/modpathol.3800642; published oniine 2 June 2006
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Although the TNM stage remains the most signifi-
cant independent prognostic indicator in patients
with colorectal cancer, pathologically identical
tumors may neither respond to treatment uniformly
nor result in similar survival rates. A number of
molecular markers involved in proliferation (p53),
apoptosis (Bcl-2, APAF-1) and angiogenesis vascular
endothelial growth factor (VEGF) are currently being
investigated to determine their value as prognostic
or predictive factors and in turn their potential for
integration into clinical practice.>*
Immunchistochemistry is an indispensable re-
search and diagnostic tool used to assess the
presence or absence of molecular tumor markers
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on paraffin-embedded tissue.® Tumor positivity for a
given marker is frequently evaluated using prede-
termined cutoffs such as 10% (<10% tumor cells
staining = negative, >10% = positive).*”-*° The em-
ployment of categorical scoring systems is motivated
by the ease of interpretation of positive tissue by
pathologists and is further supported by substantial
interobserver agreement. However, it assumes that
more detailed analysis of protein expression be-
tween 10 and 100%, for example will not contribute
any additional relevant information in predicting
outcome.

A semiquantitative scoring method that assigns
immunohistochemistry scores as a percentage of
positive tumor cells (the number of positive tumor
cells over the total number of tumor cells) may
provide a more complete assessment of protein
expression and a clearer understanding of the roles
played by potential tumor markers in predicting
outcome, Most importantly, by evaluating immuno-
histochemistry expression semiquantitatively at the



outset, more relevant cutoffs for tumor positivity
may be established for the protein and outcome of
interest.

The greatest concern facing such a percentage
scoring method is the reproducibility of the
scores. In this study, we assess the interobserver
agreement of immunohistochemistry scores for
four tumor markers known to play a role in
progression of colorectal carcinoma and response
to radiotherapy namely p53, VEGF, Bcl-2 and
APAF-1 and compare the interobserver agreement
of percentage scoring to that of three categorical
scoring systems.

Materlals and methods

In total, 87 pretreatment formalin-fixed paraffin-
embedded diagnostic rectal biopsy tissues were
collected from a series of patients with rectal
adenocarcinoma undergoing preoperative endo-
rectal brachytherapy. ** Serial sections were cut at
3um and immunohistochemistry by the avidin-
biotin complex (ABC) procedure, including
heat-induced epitope retrieval, was undertaken.
Incubation with the primary antibody was carried
out in a moist chamber for 1h at 37°C for p53
(DAKO, clone DO-7, Denmark, 1:100) and at room
temperature for VEGF (Santa Cruz Biotechnology,
VEGF-A20, USA, 1:100) and APAF-1 (Novocastra,
NCL-APAF-1, 1:40). Overnight incubation at 4°C
was performed for Bcl-2 (DAKO, clone 124, Den-
mark, 1:100). Negative c~ntrols were treated :d~uti-
cally with the primary antibodies omitted. Positive
conuols consisted of tissue known to contain the
protein of interest.

Nuclear positivity for p53 and cytoplasmic posi-
tivity for VEGF, Bcl-2 and APAF-1 were evaluated
only in areas of invasive carcinoma. Immunoreac-
tivity was scored as the number of positive tumor
cells over total tumor cells, independently by four
pathologists (CCC, JR], RPM, AL); in general each
slide took on average 30s or less to score. No
specific instructions or illustrations were presented
to pathologists to assist in their evaluation. Percen-
tage scores were subsequently categorized using the
0% cutoff (0% staining vs any staining), the 10%
cutoff (<10% tumor cell staining vs > 10% staining)
and a three-category scoring system consisting of
0% staining, between 1 and 50% staining and
>50% staining.
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Statistical Analysis

The interobserver agreement for the 0, 10 and 0,
1-50, >50% cutoff scoring systems were evaluated
using Light's Kappa coefficient.”® The Kappa coeffi-
cient (k) is a useful measure of agreement for
categorical data as it takes into account the prob-
ability that observers achieved the same scores by
chance. General guidelines for the interpretation of
Kappa suggest that values between 0.81 and 1.0
should represent ‘almost perfect’ agreement, 0.61-
0.80 ‘substantial’ agreement, 0.41-0.60 ‘moderate’
agreement, 0.21-0.40 ‘fair’ agreement, and 0-0.20
‘slight’ agreement.™

The intraclass correlation coefficient is the most
commonly used method to assess interobserver
agreement for quantitative measurements.'® Similar
to the simple Pearson correlation coefficient that
measures association, the intraclass correlation
coefficient additionally estimates agreement be-
tween scores from different observers on the same
patients. The closer the intraclass correlation coeffi-
cient is to 1, the better the agreement between
observers. The intraclass correlation coefficient was
employed to assess interobserver agreement of
percentage scores.

Although no recommendations for the inter-
Eretation of the intraclass correlation coefficient

ave been detailed, reports in the literature
have supported the use of the following guidelines:
a coefficient of reliability >0.75 indicates ‘strong’
agreement, between 0.4 and 0.75, ‘good’ agreement,
and <0.4, ‘poor’ agreement.’® It has also been
suggested that the values for the Kappa coefficients
may be equivalent to the intraclass correlation
coefficient making their direct comparison appro-
priate."”

Confidence intervals (95%) were found by 10000
bootstrap replications of the dataset. All analyses
were carried out using SAS Version 8.2 (The SAS
System, NC, USA).

Results
p53

Overall mean p53 protein expression was 37%
(Table 1). Approximately 72% of tumors were
positive for the protein. The frequency distribu-
tion of p53 scores was nearly uniform above 0%
(Figure 1). The reproducibility of p53 scores was

Table 1 Mean and standard deviation of scores (%) for pathologists 1—4 and overall mean protein expression

Overall 1 2 3 4
p53 36.90+ 34.09 34.07433.90 34.434+29.61 32.361+28.67 46.71+41.27
VEGF 45.154+37.69 51.96+39.07 38.26+34.43 31.11+11.03 58.58 £39.93
Bcl-2 9.47422.98 14,161+ 28.02 9.27+22.33 4.14+13.46 10.06 £ 24.48
APAF-1 17.704 32.21 29.22439.27 14.85426.21 2.647.99 23.97 +38.36
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Figure 1 Distribution of p53, VEGF, Bcl-2 and APAF-1 scores.

Table 2 Intraclass correlation coefficient measuring agreement between percentage scores and Kappa coefficients (k) measuring
egreement of scores using the 0% cutoff, 10% cutoff and 0, 1-50, >50% cutoffs. Intervals represent 5% confidence intervals

N Intraclass correlation coefficient

k (0% cutoff)

k (10% cutoff) k (0, 1-50, > 50% cutoffs)

p53 86 0.755 (0.67, 0.82)

VEGF 87 0.624 (0.52, 0.71)
Bcl-2 79 0.533 (0.34, 0.69)
APAF-1 85 0.497 (0.41, 0.58)

0.831 (0.73, 0.92)
0.565 (0.39, 0.71)
0.561 (0.43, 0.68)
0.514 (0.40, 0.62)

0.740 (0.63, 0.84)
0.569 (0.45, 0.68)
0.490 (0.33, 0.63)
0.434 (0.33, 0.53)

0.588 (0.48, 0.68)
0.434 (0.33, 0.53)
0.407 (0.26, 0.55)
0.377 {0.30, 0.45)

substantial for both percentage scoring and the 10%
cutoff (intraciuss correlation coefticient=0.755 and
k=0.740, respectively) (Table 2). Excellent agree-
ment was achieved when no positivity (0%) vs any
positivity was evaluated (k=0.831). The 0, 1-50,
>50% scoring method produced the least amount of
agreement between observers. p53 staining was
evaluated with less difficulty when no nuclei or
nearly all nuclei were positive for the protein
(Figure 2a). Staining intensity was generally moder-
ate to strong. Positivity was confined to tumor cell
nuclei in the majority of cases. Both the presence of
cytoplasmic positivity (Figure 2b) and weak staining
intensity in nuclei were largely responsible for the
variation in scores.

VEGF

The distribution of VEGF scores was U-shaped
(Figure 1) with an overall mean cytoplasmic expres-
sion of 45% (Table 1). The intraclass correlation
coefficient for percentage scoring was 0.624 reflect-
ing a substantial degree of interobserver agreement

(Table 2). The categorical scoring systems yielded
moderate agreement between observers, the least
reproducible being the 0, 1~50, >50% method. The
intensity of staining for VEGF varied from weak to
strong (Figure 2c). Considerable disagreement be-
tween scores could be attributed to weakly stained
tumor cells. Infiltration of tumors with a large
number of neutrophils may have contributed to the
overestimation of the number of positive tumor cells
(Figure 2d).

Bcl-2

Approximately 76% of tumors demonstrated com-
plete absence of Bcl-2 (Figure 1). Mean Bcl-2
expression was less than 10% (Table 1). Moderate
interobserver agreement was found for percentage
scoring as well as for the 0 and 10% cutoffs (Table
2). Agreement was weakest for the 0, 1-50, >50%
scoring method (k=0.407). Staining intensity was
the primary cause of disagreement of scores between
pathologists. ~ Although  lymphocytes reacted
strongly with the Bcl-2 antibody, only weak to

—

Figure 2 p53 (a, b), VEGF (c, d), Bcl-2 (e, f) and APAF-1 (g, h) staining. Tumors in (a, c, e and g) resulted in a high degree of interobserver
agreement whereas those in (b, d, f and h) lead to low interobserver agreement.

Modern Pathology (2006) 19, 1236-1242
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moderate staining was found in tumors expressing
the protein (Figure 2e). Infiltration of tumors with
large numbers of lymphocytes may have also
contributed to disagreement in percentage scores
(Figure 2f).

APAF1

Mean APAF-1 expression determined by each of the
four pathologists varied significantly from 2.6 to
29% (Table 1). Approximately 64% of tumors were
completely negative for the protein (Figure 1).
Moderate agreement was achieved for percentage
scoring, as well as for the 0 and 10% cutoffs. The
strongest agreement was produced when no staining
(0%) vs any positive staining was evaluated
(k=0.514), APAF-1 positivity was strong in neutro-
phils and normal mucosa but only weak to moderate
staining occurred in tumors expressing the protein
(Figure 2g). Substantial neutrophilic infiltration in
tumors may have led to disagreement between
observers (Figure 2h).

Discussion

The usefulness of any immunchistochemistry scor-
ing method is limited not only to its ability to
optimize the prognostic or predictive value of tumor
markers but also to its reproducibility. Studies on
interobserver agreement in colorectal carcinoma are
uncomr-on. Several studies v:ing the 10% cutoff
scoring method describe a high degree of concor-
d~nce between pathologists svaluating positive and
negative tumors.’®?° This type of agreement typi-
cally overestimates true categorical agreement by
ignoring the probability that scores were obtained by
chance, an important consideration when scores are
not evenly distributed as was seen for Bcl-2 and
APAF-1 in this study.®

The reproducibility of p53 scores either as per-
centages or by way of the 10% cutoff scoring method
was high. Although agreement was strongest at
the 0% cutoff, the distribution of p53 expression
suggests that it may be important to evaluate the
complete range of scores.

The interobserver agreement of percentage scores
for VEGF in this study was higher than those for the
0 and 10% cutoffs. The distribution of VEGF scores
indicates that percentage scoring may provide
additional information about the protein that would
otherwise go unrecognized by categorizing positiv-
ity according to predetermined cutoffs. We recently
demonstrated in patients with rectal cancer under-
going preoperative radiotherapy that mean VEGF
expression was significantly higher (63%) in biop-
sies from patients with nonresponsive tumors than
from tumors with complete pathologic response
(37%) (P-value=0.0035) hence exemplifying the
use of percentage scores.?*

Modern Pathology (2006) 19, 1236-1242

The reproducibility of Bcl-2 percentage scores was -
similar to the 10% cutoff. The greatest interobserver
agreement was found using the 0% cutoff. Approxi-
mately 76% of tumors in this study were completely
negative for the protein. This result is in line with
the literature which states that the frequency of Bcl-
2 expression in rectal carcinoma is less than 30%.°
Kim et aP® demonstrated that the rate of Bcl-2
overexpression decreases with more advanced
Dukes stage. In this study, 98% of rectal biopsies
were taken from patients with clinically diagnosed
cT3 tumors. This may have biased our results in
favor of the 0% cutoff and against percentage
scoring as overexpression of Bcl-2 would not be
expected to vary significantly in this sample. The
interobserver agreement of percentage scores may be
better assessed in colorectal adenomas known to
frequently overexpress the protein.?® Our results
show that Bcl-2 expression scored as 0% positive
tumor cells vs any tumor cell staining leads to the
highest degree of interobserver agreement in rectal
tumors of the same stage.

Recent evidence suggests that APAF-1 may func-
tion as a tumor-suppressor gene.** Loss of tumor
suppression leads to loss of wild-type APAF-1
protein translating into absence of staining via
immunohistochemistry. It is therefore reasonable to
suggest that the 0% scoring method with the highest
degree of interobserver agreement may be a more
meaningful method of evaluation than scoring by
percentages for this protein. Although p53 acts as a
tumor-suppressor gene as well a similar argument
against percentage scoring cannot be used.?® The
short half-life of wild-type p53 renders the protein
undetectable to immunohistochemistry.” Immuno-
histochemistry for mutant p53 is based on the
assumption that the abnormal protein cannot act as
a transcriptional factor hence accumulating in the
cell.’® A comparison or DNA sequencing analysis
and immunohistochemistry to detect mutant p53 has
revealed a significant false-positive rate for the
latter.”® Immunostaining with p53 antibodies ap-
pears therefore to detect abnormal accumulation of
p53 in the cell and is not limited to detection of the
mutant (frotein. It is possible that p53 scores
evaluated as the percentage of abnormal accumula-
tion of p53 will prove to be a useful predictive factor.

Percentage scoring should allow a more thorough
assessment of the predictive or prognostic signifi-
cance of tumor markers. The correlation between
the immunohistochemistry expressions of several
proteins can be assessed. Pich et al*” performed
percentage scoring of Ki-67, PCNA and MIB-1
expression in non-Hodgkin lymphoma. They found
a strong linear correlation for all proteins and used
this finding to argue that Ki-67, PCNA and MIB-1
labeling were reliable and complementary methods
to assess the proliferative activity of intermediate
grade non-Hodgkin lymphoma. By studying the
mean expression of Ki-67, PCNA and MIB-1, they
identified subtypes of intermediate grade non-



Hodgkin'’s lymphoma with potentially different
prognoses.

Logistic regression is often used to select pre-
dictive factors from a pool of possible tumor, host or
treatment variables. The risk of development of
cancer using serum tumor markers (such as CEA), or
the probability of local tumor control with varying
doses of radiation are examples of logistic regression
with quantitative variables to predict outcome.?**®
Percentage scoring of immunohistochemistry can be
applied similarly to determine how the odds of a
binary outcome (response/no response to treatment)
change with increases or decreases in protein
expression,

Finally, by first quantifying scores, other statisti-
cal approaches such as receiver operating character-
istic (ROC) analysis can be used to determine the
sensitivity and specificity of tumor markers as well
as the optimal cutoffs for positivity.?® By percentage
scoring we have shown how classification and

ssion tree (CART) methods could be used to
select proteins playing a role in predicting rectal
tumor response to preoperative radiotherapy and to
determine the protein cutoff values for optimal
discrimination between responsive and nonrespon-
sive tumors.*

Percentage scoring of immunohistochemistry ex-
pression in colorectal tumors may be suitable for
proteins that exhibit a wide range of tumor cell
positivity with moderate to strong staining intensity
and a high degree of interobserver agreement. The
results of this preliminary study on the interobser-
ver agr:2ment of percenta:s _coring demonstrate
that age evaluation of p53 and VEGF using this
approach appears to be - reproducible method and
viable alternative for the evaluation of immunohis-
tochemistry.
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