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Abstract

Early detection and screening have reduced mortality from many cancers, but there
remains a need for improved biomarkers of risk. Cytometric DNA ploidy analysis has been used
for the detection, treatment, and management of many cancers, but greater clinical utility would
come with increased accuracy. Improvements to ploidy-based screening might come from adding

complementary biological information.

The first aim combined ploidy with the additional biological information provided by
malignancy associated changes as detected by automated nuclear morphometry. In 2249 sputum
samples, the resultant biomarker, the Combined Score (CS), correlated with lung cancer risk
factors like dysplasia grade, age, smoking status, and p53 and Ki-67 immunostaining. CS is a
minimally invasive tool for risk assessment for the presence of precancerous lung lesions and

could enrich chemoprevention trials with subjects likely to have high-risk dysplasias.

The second aim complemented ploidy with biological information provided by
immunocytochemistry in a double staining procedure. Testing 49 cervical cytology brushings
showed addition of Ki-67 immunostaining to distinguish abnormal cells from normal cycling
cells did not improve ploidy’s ability to separate high- and low-grade dysplasias. Nevertheless,
double staining with Feulgen thionin and immunocytochemistry was shown to be technically
feasible, even with antigen retrieval, and might be applicable to other immunocytochemical

stains.

Motivated by the ability to combine ploidy with immunocytochemistry, the third aim
investigated techniques for biomarker discovery pertinent to cervical dysplasia development.

Cervical squamous epithelium consists of a continuum of differentiating cells and carcinogenesis
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disrupts this cell maturation program. Gene expression differences between the basal and
superficial epithelial layers and across various grades of dysplasia could catalyze the discovery of
novel biomarkers through a better understanding of carcinogenesis. Microdissection and
expression microarray analysis of molecular fixative preserved cervical biopsies resulted in the
immunohistochemistry validation of four candidate targets showing correlation with dysplasia
grade. This work underscores the importance and potential of accounting for heterogeneity within
stratified squamous epithelium and constitutes the first report of successful gene expression
microarray analysis of microdissected epithelial layers from molecular fixative preserved

paraffin-embedded cervical specimens.

Ploidy combined with digital morphometry and immunocytochemistry can generate

useful biomarkers of early squamous cell carcinomas.
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Preface

Portions of this thesis have been published, as detailed below.

Section 1.3 is excerpted from: Cecic IK, Li G, & MacAulay C (2012) Technologies supporting
analytical cytology: clinical, research and drug discovery applications. J Biophotonics 5(4):313-
326. The publication was an invited review article and the section excerpted was written almost
entirely by me, with editorial contributions by the other co-authors. In the original published
manuscript, I wrote about 35% of the text, designed and created the figure, and helped with the
formatting of the manuscript. IKC wrote most of the remainder and compiled the finished
manuscript, while CM contributed a few excerpts and edited the manuscript. All co-authors

contributed to the proof-reading and editing of this manuscript.

Chapter 2 is from: Li G, Guillaud M, leRiche J, McWilliams A, Gazdar A, Lam S, & MacAulay
C (2012) Automated sputum cytometry for detection of intraepithelial neoplasias in the lung.
Anal Cell Pathol (Amst) 35(3):187-201. I was responsible for data analysis and the preparation of
the manuscript. I made all the figures (including performing the associated statistical analyses)
and wrote essentially all the text for the manuscript. I also implemented the data adjustment to
account for the effect of cell count on each slide. MG contributed image cytometry analysis, JIR
was a study pathologist, AM was a bronchoscopist in the chemoprevention trials, AG was a
pathologist and assisted in the design of the study, SL contributed to the design of this study and
the chemoprevention trials cited therein, CM contributed to the design of the study and data

analysis.

Chapter 3 is from: Li G, Guillaud M, Follen M, & MacAulay C (2012) Double staining cytologic
samples with quantitative Feulgen-thionin and anti-Ki-67 immunocytochemistry as a method of

distinguishing cells with abnormal DNA content from normal cycling cells. Anal Quant
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Cytopathol Histopathol 34(5):273-284. 1 conducted all experiments described and wrote the
manuscript. MG conducted the original study for which the specimens used here were collected
and to which some of the present results are compared. MF contributed to the design of the
original study for which the specimens used were collected. CM contributed to the design of the

study.

In all of the above, edits have been made to the published version to provide extra clarity where
needed and in order to integrate the material into the thesis. Many are minor and stylistic in
nature. Of note, however, substantial changes have been made to the introductory sections of each

manuscript, including incorporating material into Chapter 1 of this thesis.

Chapters 4 and 5 contain work from our collaborators. Fixation and embedding of molecular
fixative samples was performed by staff at the Centre for Translational and Applied Genomics.
All other tissue handling up to and including sectioning was performed by Dorothy Hwang. All
gel electrophoresis experiments and microarray analysis of the frozen sample were performed by
members of the laboratory of Dr. Cathie Garnis (Shevaun Hughes and Danielle Truong). Some of
the microdissection of the frozen specimens (about 50% of the laser microdissection and all of the
manually microdissected case 5065) was performed by Lorena Barclay. The Bioanalyzer assays
were run by Bruce Woolcock. The study pathologist was Dr. Dirk van Niekerk. All other

experiments and data analysis not listed above were performed by me.

The work described in this thesis was approved by the Research Ethics Board of The University
of British Columbia and the BC Cancer Agency. The Ethics Certificate Numbers are: C98-0411,
C02-0298, and C96-0426 for Chapter 2; H02-61476 and C99-0441 for Chapters 3 and 5; HO3-

61235 for Chapters 4 and 5; and R04-0112 for Chapter 5.
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1 Introduction

Cancer is a major public health problem. It is the leading cause of death in Canada (1)
and one of the leading causes of death worldwide (2). In the global fight against cancer, multiple
approaches are being taken, including improvements in prevention, screening, early detection,

and treatment.

1.1 Early cancer detection and screening

Early detection is important for the successful management and treatment of many
cancers. Lung cancer, for example, has an overall 5-year survival rate of just 16% (3), but this
number jumps to about 70% for resected early-stage tumours (4). Meanwhile, mortality rates of
cervical cancer vary widely between developed and developing countries, a discrepancy that has
been attributed to the success of screening programs in the industrialized countries (2, 5, 6). If
cancer could be detected and treated earlier, significant numbers of late-stage cancer cases might
be prevented. There is potential for early detection and treatment to greatly reduce mortality and
also morbidity associated with the symptom burden of late-stage cancer and the harmful side-

effects of the treatments used to combat this disease.

The ability of a potential test to separate cancers from non-cancers can be quantified by
several key measures. Any new test is compared against a widely accepted test, the gold standard,
performed independently on the same test subjects. Based on the results of the two tests, each
subject can be placed into one of four categories: true positives (TP) are those for which the new
test and the gold standard agreed were positive (e.g., cancer was present), true negatives (TN) are

negative by both tests, false positives (FP) are those identified as positive by the new test but



negative by the gold standard, and false negatives (FN) are negative by the new test but positive
by the gold standard. The sensitivity of a test is its ability to detect correctly the positive cases
(e.g., cancers) in a test population: Sensitivity = TP /(TP + FN). The specificity is the ability
to accurately classify all the negative cases as negative: Specificity = TN /(TN + FP). While
an ideal test would have 100% sensitivity and 100% specificity, in practice, improved sensitivity
in a test often comes at the cost of decreased specificity. Hence, a good test for a given disease
must consider the costs and benefits of improving sensitivity or specificity to strike the right
balance between the two. For tests with an adjustable threshold for positivity, the interplay
between sensitivity and specificity when setting different threshold scores can be represented
graphically on a receiver operating characteristic (ROC) curve. A screening test that is not
sensitive enough would cause many cancers to go undetected, providing patients with a false
sense of security. On the other hand, a test that is not specific enough would subject too many
patients to unnecessary investigations or treatment that may be associated with such adverse
effects as discomfort, anxiety, or time lost from work, or may lead to complications or even

death.

Another way to measure the effectiveness of a screening test is to look at the positive and
negative predictive values (PPV and NPV, respectively). These refer to the probabilities that a
positive or negative screening test result accurately reflects the presence or absence of disease,
respectively, as determined independently using the gold standard test. In a test sample in which
the prevalence of the disease mirrors that of the target population, PPV = TP /(TP + FP) and
NPV =TN/(TN + FN). Whereas the sensitivity and specificity measure the discriminating
power of the test itself, PPV and NPV also take into account the prevalence of the disease being
detected. This can make PPV and NPV more meaningful than sensitivity and specificity when
interpreting a test result. A test with a high NPV, for example, could provide an extra measure of

reassurance to those with a negative test result, allowing for a lengthening of the test interval for



subjects with a negative result. This could make the overall screening program more cost-
effective by reducing the number of tests required to be performed. However, as cancers in a
typical screening population can be quite rare, it may be more costly to conduct a clinical trial to
measure PPV and NPV directly. Alternatively, prevalence can be determined in the target

population separately and used to calculate PPV and NPV from the measured sensitivity and

sensitivityxprevalence

specificity: PPV =

an
(sensitivityxprevalence)+(1—specificity)(1—prevalence)

specificityx(1—-prevalence)

NPV

"~ (specificityx(1-prevalence))+((1-sensitivity)xprevalence)’

The success of a screening program depends on many factors (7, 8). The impact of
screening is maximized in more common cancers with high rates of mortality and those where
earlier stage disease has better treatment outcomes. The disease or screening endpoint should be
well-defined and the test itself should clearly discriminate those with and without the disease,
while remaining acceptable to patients and affordable by the health care delivery system. Those
with a positive test result should have timely access to the appropriate care. Finally, the overall

screening program should be cost-effective and ultimately reduce mortality.

Cervical screening programs in industrialized countries are often held up as examples of
successful cancer screening. Participation rates are around 70% and mortality rates have come
down significantly as a result of screening (9). Other screening tests like mammography for
breast cancer (10, 11) and colonoscopy, fecal occult blood testing, or sigmoidoscopy for

colorectal cancer (12, 13) have also been shown to lead to a reduction in mortality.

However, increased cancer screening is not always better. Prostate cancer, for example, is
emerging as a case study on the potential problem of over-diagnosis. The discovery that serum
levels of prostate-specific antigen (PSA) correlated with the stage of prostate cancer (14) led to

the widespread adoption of PSA testing as a screen for prostate cancer. Incidence rates of prostate



cancer shot up, especially for early stage disease as more men were being diagnosed earlier with
prostate cancer (15). More recent studies, however, suggest that while PSA screening might have
reduced mortality (16), so many more men were being over-diagnosed and subjected to
unnecessary and potentially harmful treatment that the risks outweighed the benefits in otherwise

healthy individuals (17, 18).

The overall success of cancer screening is dependent on the nature of the cancer being
screened for, the accuracy and costs of the test(s) being proposed to detect it, as well as the
availability and effectiveness of downstream treatment options. A variety of early detection and
screening technologies have been developed over the years, many of which have been adopted
into routine clinical practice. Some cancer screening methods rely on directly visualizing the
tumour mass (e.g., mammography for breast cancer) or abnormal cells (e.g., Pap smear for
cervical cancer). Others look for secondary signs that might indicate the presence of cancerous
cells, such as elevated prostate specific antigen (PSA) levels for prostate cancer or fecal occult
blood tests for colorectal cancer. Ultimately, the unique biology of each type of cancer to be
screened for dictates the type of test that would best be applied. Within this broad field of early
cancer detection and screening, the work presented in this thesis will focus on lung and cervical

cancers.

1.1.1 Lung cancer screening overview and challenges

Lung cancer is the leading cause of cancer death worldwide (2). Despite decades of work
by clinicians and research scientists, lung cancer still has a bleak 5-year survival rate of just 16%
(19). While the 5-year survival rate is about 70% for resected early-stage lung cancer (4), the
majority of lung cancers are detected at an advanced stage with metastases already present (3, 4).
Historical efforts to find an effective lung cancer screening strategy using chest X-rays to detect

cancerous nodules and standard sputum cytology to find abnormal cells (4) unfortunately found



no decrease in mortality (20). Many promising techniques are currently being studied, including
low-dose spiral computed tomography (CT) (21, 22), fluorescence bronchoscopy (23, 24), and
sputum and blood biomarkers (25, 26). More recently, the National Lung Screening Trial (NLST)
reported a 20% reduction in lung cancer mortality in high-risk smokers with low-dose CT

screening (27).

Advances in imaging technology have led to faster and safer devices for detecting lung
cancer. CT scans use multiple X-ray scanners and detectors to generate a three-dimensional
image of a patient’s lungs. Today’s scanners can generate an image on one breath-hold,
minimizing motion artifacts (28). More sensitive devices and improvements in computer-based
image acquisition and analysis mean less radiation exposure for patients. Unlike traditional chest
X-rays, spiral CT is able to detect many early-stage cancers, especially those in the peripheral
lung. In contrast, bronchoscopy and sputum analysis are more sensitive to early-stage central
airway cancers. In particular, autofluorescence bronchoscopy (29, 30) has been shown to improve
sensitivity over white light bronchoscopy, but at the cost of a slight decrease in specificity (31).
High-grade preinvasive cancerous tissues fluoresce a weak (brownish) red (30), while normal

tissue autofluorescence is a more intense green.

While both spiral CT and fluorescence bronchoscopy are sensitive technologies to detect
early lung cancer, both methods suffer from limitations, including low specificity (25, 32), and
are costly if applied to high-risk subjects defined by age and smoking history alone.
Consequently, a critical part of any lung cancer screening strategy is a means to assess a
participant’s risk of having cancer or precancerous lesions at high risk of progressing to cancer.
This could, for example, be used to narrow the screening pool so that only the highest risk
patients need to be screened, further improving the cost-effectiveness of a test like low-dose CT

(26, 33).



As the NLST is the first large randomized controlled trial to show success with any lung
cancer screening method, there is still no broad consensus on who should be screened for lung
cancer. In the meantime, the American College of Chest Physicians and the American Society of
Clinical Oncology have recommended that only smokers and former smokers between 55 and 74
years of age who have at least 30 pack-years of smoking history and who are still smoking or quit
in the past 15 years should receive annual low-dose CT screening, and only in settings where
patients can receive the same level of care as those provided in the NLST trial (34). In other
words, only those patients fitting the description of those enrolled in the NLST trial should be

offered annual low-dose CT screening for lung cancer.

1.1.2 Cervical cancer screening programs overview and challenges
Cervical cancer is the third most commonly diagnosed cancer in females globally (2).
Screening programs based on the Papanicolaou (Pap) smear have significantly reduced mortality
due to cervical cancer in industrialized nations (2, 5, 6). In Canada, for example, mortality from
cervical cancer dropped almost 50% from 1973 to 1998 (9), and has continued to decline since
then at a rate of 2.9% per year (35). In this procedure, a sample of cells is scraped from the cervix
and deposited on a slide. In many countries that rely on liquid-based cytology, the cells are first
immersed in a fixative solution before being transferred to a slide. The cells are stained with a
series of dyes: hematoxylin stains nuclei dark blue, Orange G 6 stains keratin orange, and Eosin
Azure (composed of Eosin Y, Light Green SF yellowish, and Bismarck brown Y) stains
cytoplasm. The slide is then visualized under a microscope and interpreted by a trained

cytotechnologist or pathologist.

Today, more than 85% of cervical cancer cases arise in low-resource settings, making
cervical cancer the second-leading cause of cancer death among women in developing countries

(2, 5). This presents a distinct challenge to establishing cervical screening programs where they



are needed most, as screening programs based on the Pap smear require an extensive and costly
infrastructure, in addition to significant training and skill to interpret the patient slides. Potential
alternatives include visual inspection with acetic acid (36) and testing for human papillomavirus
(HPV) DNA (37-41). Unfortunately, visual inspection methods, even with the application of
dilute acetic acid to cause abnormal regions to appear white (42), continue to rely on adequate
training of practitioners while rollout of HPV testing programs in low-resource settings has been
hindered by cost and logistics (43). Moreover, high-risk HPV testing has a higher sensitivity but
lower specificity for detecting high-grade cervical precancers than conventional cytology (i.e.,
Pap stain with a human analysis process) (44) and low-resource settings are particularly sensitive

to the follow-up costs of false positive cases.

Recently updated recommendations in the United States call for regular Pap tests for
women between 21 and 65 years of age (45, 46). HPV tests are recommended for some women
and some studies have called for a greater role for HPV testing or even HPV testing alone (41,

47), but cytology currently remains the foundation for most screening programs.

1.2 Multistep carcinogenesis

Carcinogenesis, the process by which normal tissue transforms into a malignant cancer, is
a long and complex process that usually takes many decades. The prevailing hypothesis of
multistep carcinogenesis suggests that cancer is the end result of a series of genetic and/or
epigenetic alterations in normal cells that causes them to become cancerous (48-51). Colorectal
cancer, for example, is believed to require at least 7 independent genetic alterations (50) while
lung cancer might require 10 to 20 (52). In some cases, these changes might occur on a

background of some degree of inherited predisposition to cancer. Through eons of evolution,



humans have developed innate defences against cells harbouring mutations. Meanwhile, the
constant need to renew certain cells in our bodies and exposure to various mutagens in our
environment continue to introduce potentially harmful mutations into our genes. For the most
part, our bodies do an excellent job of repairing the damage. However, over time, mutations may
be introduced that escape the natural repair mechanisms of our bodies. These mutations may
confer new capabilities upon the transformed cells, eventually enabling them to become

malignant (53).

There are many mechanisms by which normal cells can be transformed into abnormal
cells. Environmental, physical, and chemical mutagens, for example, can introduce genetic
mutations by damaging or chemically altering DNA. Smoking is known to introduce countless
chemical mutagens to the lungs and is the major risk factor for lung cancer. Carcinogenesis may
also be initiated by viruses, such as the human papillomavirus (HPV), implicated in cervical and a
few other cancers. In the case of hereditary cancers, individuals may inherit a defective copy of a

gene that predisposes them to developing cancer later on in life.

The search for specific genetic mutations driving carcinogenesis has traditionally
focussed on oncogenes and tumour suppressors. Oncogenes are those that, once mutated, lead to
the development of cancer. Tumour suppressors, on the other hand, normally function to prevent
cancer. Once mutated, this suppression function is lost and the cell can progress one step further
along the path of carcinogenesis. Typically, both copies of a tumour suppressor gene must be
altered to render it ineffective, either by genetic damage to both copies or by inheriting a
defective copy with subsequent damage to the other one. In some cases, a mutation to one copy
may inhibit the function of the wild type copy. Such a mutation is known as a dominant negative

mutation.



Mutations come in many forms. Individual nucleotides can be altered, deleted, or
repeated, potentially leading to gain or loss of function, or even a change of function of the gene.
Sometimes, larger sections of a gene can be mutated or two genes can be spliced together,
forming a fusion gene. In many cancers, genomic instability is observed, such that large sections
of chromosomes, or even entire chromosomes, can be duplicated, deleted, or even recombined.
Normal non-dividing human cells have two homologous copies of each chromosome, which is
referred to as diploid. Mitotic cells (and those that have replicated their genome in preparation for
mitosis) are termed tetraploid. Abnormal cells harbouring gross chromosomal mutations may
have DNA content outside the normal range between diploid and tetraploid or they may have a
non-diploid resting DNA amount. This condition is called aneuploidy. Aneuploidy has been
found in many cancers and is often associated with a worse prognosis (54). It has even been
suggested that abnormal gene dosages caused by aneuploidy might be the critical event in
carcinogenesis (55). As such, the quantitative assessment of cellular DNA content, also termed
ploidy analysis, has been found to be effective in aiding the diagnosis, prognosis, and

management of most solid tumours (56).

In addition to mutations to the coding regions of genes, which could directly affect the
amino acid sequence of the gene product, mutations can occur in regulatory regions such as
promoters, affecting the regulation of gene expression. The product of such a mutated gene might
be over- or underexpressed relative to the wild type, which in turn may lead to potentially
oncogenic downstream effects. An emerging field in the study of altered gene expression is
epigenetics, where changes do not even occur to the DNA sequence itself. Changes to levels of
DNA methylation, histone modifications, or even the secondary structures of nucleic acids can
impact expression levels of many genes. Silencing RNAs, short pieces of RNA that lead to the
degradation of complementary strands of mRNA, are another mechanism by which normal cells

regulate gene expression and hence another route by which alterations can be introduced into the



genetic code to enable carcinogenic changes. Multistep carcinogenesis, then, can exploit any or
all of the above mechanisms to disrupt the genetic program of normal cells in order to put them

on the path towards malignancy.

The paradigm of multistep carcinogenesis lends itself well to the concept of “field
cancerization,” first proposed by Slaughter et al (57) after observing that many individuals with
one malignancy tend to develop second primary tumours. A mutation or genetic alteration in one
cell may be passed on to its progeny cells, establishing a region of increased malignant potential.
Under the two-hit hypothesis (58), only one more “hit” or mutation to any of the cells in this
cancer field could potentially transform it into a malignant cell. More generally, in cancers where
multiple “hits” are required to complete the transformation to malignancy, the cancer field
represents an intermediate state where some but not all of the required genetic alterations have

been acquired.

The long latency between the initial genetic insults and the clinical manifestation of
invasive cancer presents an excellent opportunity for early detection and possibly early
intervention. Chemoprevention approaches the neoplastic process as the disease, with invasive
cancer merely being the final manifestation of this disease process (49). Consequently, the goal is
to slow down, stop, or even reverse the process of carcinogenesis (59-62). Much work has gone
into pursuing this strategy, with various levels of success, and excellent reviews of
chemoprevention studies can be found in (59, 63, 64). Past work in our group and others, for
example, has shown promise in lung cancer (65-68). Separate small studies using either myo-
inositol or folate and vitamin B, found significantly increased rates of regression of dysplasias in
the treated groups versus controls (67, 68). However, few trials have been successful. Many trials
only show modest if any benefit from using chemopreventive agents and some even show

negative effects. There remains a need for improved biomarkers both as intermediate endpoints
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for evaluating efficacy of chemopreventive agents and for better risk stratification to identify
patients who would benefit most from chemoprevention (64). Designing the optimal strategy for
cancer screening and chemoprevention will require an understanding of the biological

mechanisms underpinning carcinogenesis.

1.2.1 Lung cancer biology and carcinogenesis

Lung cancer is broadly classified according to histology into small cell and non-small cell
lung carcinoma. Small cell carcinomas tend to be found in the central airways. They account for
fewer than 15% of lung cancer cases (69), but are more aggressive and have a poorer prognosis.
Non-small cell lung carcinomas (NSCLC) are further subdivided into adenocarcinomas (arising
from Type I pneumocytes, Clara cells, or glandular cells), squamous cell carcinomas (arising
from bronchial squamous epithelial cells), and large cell carcinomas. Of the NSCLCs,
adenocarcinomas are the most common, accounting for over 50% of lung cancers, and are found
primarily in the peripheral lung. Squamous cell carcinomas tend to be more centrally located and
account for about 20% of all cases. Over the last few decades, there has been a general trend
towards more adenocarcinomas relative to squamous cell carcinomas (70). NSCLC tumours are
staged according to the traditional TNM (tumour, node, metastasis) system (71, 72). Due to the
rapid progression and spread of the disease, small cell carcinomas are instead classified as either

limited stage or extensive stage.

The progression of normal lung tissue to invasive cancer is a complex process, involving
multiple stages of increasing genetic and molecular insult. Precancerous squamous cell lesions
are classified according to a system laid out by the World Health Organization. In order of
increasing severity, the histopathological grades are normal, hyperplasia, metaplasia, mild
dysplasia, moderate dysplasia, severe dysplasia, carcinoma in situ (CIS), and cancer (73, 74). Of

these, only the dysplasias and CIS are considered preneoplastic lesions (73). In the central airway,
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Saccomanno et al showed that squamous cell carcinomas arise from a series of distinct
pathological “stages” (75). Moreover, lower grade dysplasias have a considerably lower rate of
progression than severe dysplasias and CIS (4). Besides those associated with squamous cell
carcinoma, the other recognized classes of preinvasive lesions of the lung are atypical
adenomatous hyperplasia and adenocarcinomas in sifu (both believed to be precursor lesions to

adenocarcinomas) (76) and diffuse idiopathic pulmonary neuroendocrine cell hyperplasia (74).

Smoking is the primary cause and risk factor for lung cancer, accounting for 80% of
cases in males and 50% of cases in females globally (2). Other environmental risk factors include
exposure to second-hand smoke, air pollution, radon, and asbestos. Tobacco smoke carries
hundreds of chemicals, many of them known carcinogens, into the smoker’s lungs. These
chemicals, along with other environmental carcinogens, are responsible for introducing the
genetic damage that ultimately leads to lung cancer. Much work by many researchers has gone
into identifying the specific changes responsible for lung carcinogenesis. Sato et al provide an
excellent review of the many genetic and epigenetic alterations that have been implicated in lung
cancer (77). Among these is p53, a tumour suppressor that is also the most mutated gene in
human cancers. Inactivating mutations of p53 are found in approximately 90% of small cell lung
cancers and 50% of NSCLCs (77). Mutant p53 is often detected at elevated levels in cells because
while wild type p53 is constantly degraded, mutant p53 (in the absence of wild type p53) is not,
causing it to accumulate in the cell (78). Meanwhile, mutant p53 can inhibit wild type p53 in a

dominant negative phenotype.

1.2.2 Cervical cancer biology and carcinogenesis
The great majority of cervical cancers are squamous cell carcinomas (80%), with about
15% more being adenocarcinomas. In countries with well-established screening programs, a

slightly higher proportion of adenocarcinomas is seen, perhaps because they arise from the glands
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that are poorly sampled in conventional forms of screening (44). Staging is done according to the
International Federation of Gynecology and Obstetrics system (79). In most developed countries,
however, regular screening programs mean that most potential cases are detected as precancerous
dysplasias or intraepithelial neoplasias. Dysplasias of the squamous epithelium are graded as
mild, moderate, or severe, corresponding to cervical intraepithelial neoplasia (CIN) I, 11, or III,
respectively. Abnormal cells are confined to the bottom third of the epithelium in CIN I,
spreading to include the bottom two-thirds in CIN II, and the full thickness of epithelium in CIN
III. Carcinomas in situ (CIS) were previously considered the immediate precursor lesion to
invasive cancer, being more severe than CIN III. However, the distinction between CIN III and
CIS is no longer currently made. Furthermore, it has been suggested that CIN II and CIN III be
combined as CIN II/III (80). A parallel grading system, known as the Bethesda system, is used
for grading cytology (Pap) smears (81). This system divides dysplasias into low-grade squamous
intraepithelial lesions and high-grade squamous intraepithelial lesions, along with various other
classifications for other abnormal results. The risk that a precancerous lesion will progress to

invasive cancer increases with the severity of the lesion.

Virtually all cervical cancers are caused by infection with HPV. Hence, it should come as
no surprise that the story of cervical cancer carcinogenesis is closely intertwined with the biology
of HPV infection. This process is wonderfully summarized in a seminar by Schiffman et a/ (44)

and a review by Doorbar (82) but some of the highlights will be presented here.

There are many known types of HPV, but HPV 16 and HPV 18 are by far the most
carcinogenic types, accounting for over 70% of all cervical cancer cases between them (83). After
initial infection, viral particles reach the basal layer of the cervical epithelium. Cells in the normal
squamous epithelium are arranged as layers, with stem-like cells believed to reside in the basal

layer and more differentiated cells closer to surface.
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The HPV genome consists of 8 genes, denoted E1, E2, E4, E5, E6, E7, L1, and L2. These
are divided into early (E) and late (L) genes, based on when they are expressed in the host cell’s
differentiation program. Consequently, E genes are expressed closer to the basal layer while L
genes are expressed more superficially. E4 is expressed throughout. While all the HPV genes
play a role in acute infection (82), E6 and E7 are the most important drivers of carcinogenesis.
Both interfere with the host cell’s normal biochemical machinery in many ways, including

inhibition of p53 by E6 (84) and disruption of retinoblastoma protein (pRb) activity by E7 (85).

The vast majority of HPV infections are cleared or suppressed by the host immune
system within the first two years (44). However, a small proportion develops a persistent
infection and is at greatest risk of progressing to cervical cancer. It is unclear what ultimately
triggers some infections to become cancerous. It has been suggested this may be related to
deregulation of E6 and E7 expression caused by the integration of HPV DNA into the host cell’s

INK4A
6

genome (82). pl , a marker for elevated E7 expression, might be a marker for HPV DNA

integration (82, 86) and is strongly expressed in many high-grade lesions (87).

Work by countless researchers has greatly contributed to our understanding of cancer. To
truly translate this knowledge into improved patient outcomes, however, requires the
development of assays and imaging tools that inform us about how far a patient has progressed
down the road of carcinogenesis. The next few sections will discuss a number of these tools,

starting with image cytometry and quantitative image analysis.
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1.3 Image cytometry and quantitative image analysis

A version of this section has been published. This section is modified and excerpted from
Cecic IK, Li G, & MacAulay C (2012) Technologies supporting analytical cytology:

clinical, research and drug discovery applications. J Biophotonics 5(4):313-326.

Ever since the invention of the microscope and the subsequent rise of cell biology,
researchers and clinicians alike have sought to understand the biology behind the cellular
structures they saw. However, early observations were of a qualitative nature and thus
challenging to reproducibly teach and convey to others. Eventually, computer technology allowed
these observations to become more objectively defined. Today, we can broadly define analytical
cytology as the combination of single-cell analysis of cellular features for a defined analytical
outcome. In response to the needs of researchers in the fields of cell biology, immunology,
molecular biology, microbiology, and medicine, a variety of analytical cytology technologies
have been developed over the past few decades, including flow cytometry, laser scanning

cytometry, and image cytometry. Of these, this thesis will focus on image cytometry.

Compared to flow cytometry, image cytometry provides better structural resolution that
allows operators to visualize cellular and subcellular morphology and requires less sample (88).
Some image cytometers are also compatible with chromatic (absorbance-based) dyes, avoiding
the problems of photobleaching and higher costs associated with fluorescence-based imaging
systems. Fundamentally, image cytometry allows information about each cell to be derived from
the image of the cell, instead of reducing the signal from each cell to a single data point. This also
allows images to be reviewed to ascertain that signals are derived from cells and not other non-
cellular debris that may be present in the sample. While imaging flow cytometers to some extent
duplicate this function (89, 90), most image cytometers are also slide-based, which, unlike flow

cytometers, gives operators the ability to revisit and track individual cells. This allows the same
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individual cells to be measured before and after fixation (91) or to be repeatedly re-imaged after
re-staining with different stains (92-95). As the cells remain on the slide after analysis, they can
be reanalyzed by numerous methods, allowing more information to be derived from each

individual cell.

Slide-based cytometry can be performed in fluorescence or absorbance (bright field)
modes. Fluorescence-based cytometers are often (but not exclusively) laser scanning cytometers.
This helps to minimize photobleaching as light exposure to each cell is kept to a minimum. Bright
field image cytometry typically employs a white light source instead of lasers like flow and laser
scanning cytometry systems. Transmitted light is usually collected by a charge-coupled device
from a wider field of view, allowing many cells to be imaged at once. Although this allows for
faster image acquisition, corrections have to be made to account for uneven illumination across
the field of view, especially if quantitative analysis of image intensity is desired. Filters can also

be applied to the source and/or the detector, depending on the desired analysis.

1.3.1 Clinical applications of image cytometry systems

Bright field image cytometry has been applied to a wide range of sample types. Early
work was driven in large part by the fields of hematology, cytogenetics, and cervical smear
analysis (96). Systems were built to automatically distinguish blood cell types (97-99) and to
automatically identify metaphase nuclei for cytogenetic analysis (100-102). With increasing
acceptance of Papanicolaou smear testing, there was considerable interest in developing
prescreening machines, as the smears were tedious and time-consuming to grade manually and
the false negative rate was high. Despite the many early successes of Pap smear screening
programs, there remained many challenges associated with the test (103), so over the course of
several decades, multiple groups from around the world designed, built, and in some cases

commercialized, various machines designed to assist in the interpretation of not only cervical
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cytology tests (104-125), but other cytological specimens as well, such as breast fine-needle

aspirates (126-128), and urinary sediment (128-131).

PAPNET (formerly marketed by now-defunct Neuromedical Systems Inc, Suffern, NY,
USA, but no longer commercially available) was developed as an automated system using neural
networks to identify 128 of the most abnormal-appearing cells on each slide to be reviewed by a
pathologist (132). PAPNET was found to be useful for prescreening triage (133) as well as
rescreening of negative smears from women with a history of cervical abnormalities (134).
NeoPath Inc (Redmond, WA, USA) marketed a pair of competing products, the AutoPap 300 QC
and AutoPap Primary Screener systems. These systems complemented human review by being
used to reassess negative smears or identify potentially malignant cells, respectively (135).
However, the introduction of liquid-based cytology by Cytyc Corp with their ThinPrep method

led to a major shift in the way cervical cancer screening was performed in the United States.

The ThinPrep Imaging system was approved by the US Food and Drug Administration in
2003 and today, the vast majority of cervical screening laboratories in the United States use some
form of liquid-based cytology (136). The ThinPrep imaging system consists of a fully integrated
workflow platform with a processor and imaging system utilizing a proprietary nuclear stain
(137). Moving away from the traditional cervical smear interpretation, the development of semi-
automated scanning of liquid-based cytology specimens emerged, utilizing the quantification of
DNA content in abnormal cells being imaged on a slide highlighting cells of potential
malignancy. The cervical brushings are placed in a specimen wash and deposited on a slide in a
thin layer after which the cells are stained with proprietary DNA stain, the slide is scanned and
imaged, and the DNA content of each cell quantified. Abnormalities in DNA content are
highlighted in 22 fields of interest for a cytotechnologist to assess intensity of nuclear staining,

size of the nuclei/cells, and morphological inconsistencies. The imaging system includes an
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image processor, a computer storage device, and a review microscope. The image processor
identifies multiple fields of diagnostic interest and the X and Y coordinates are recorded by the
computer attached. The cytotechnologist can then refer back to areas of interest previously
identified by the software algorithm. The areas are also highlighted for review by a pathologist.
This is a semi-automatic diagnostic system that has potential for non-gynecological use, including

fine needle aspirates, urines, and mucoid specimens.

Several companies manufacture and have commercialized similar liquid-based cytology
prep and analysis systems, including Tri-Path (formed from the merger of NeoPath and AutoCyte
and now a part of BD Diagnostics, Franklin Lakes, NJ, USA, this product line includes
FocalPoint, SurePath, and PrepStain products) and Cytyc (developers of ThinPrep, now part of
Hologic). While the performance advantages of liquid-based cytology over traditional Pap smears
have been called into question (138, 139), most laboratories in the United States continue to use
liquid-based cytology because the workflow is more efficient, there are fewer unsatisfactory
samples, and the residual liquid sample can be used for the detection of oncogenic strains of
human papillomavirus (HPV) by the Digene test (Qiagen, Hilden, Germany). Overall, imaging
has improved the accuracy of the Pap test for cervical cancer screening, reducing human error,
and increasing quality control. By combining manual screen by skilled cytotechnologists with
imaged data, clinical studies have shown that imaged cohorts have a significant reduction in false
negative rates, improved detection of low-grade squamous intraepithelial lesions and high-grade
squamous intraepithelial lesions, and a significant decrease in the proportion of atypical

squamous cells of undetermined significance (140-142).

1.3.2 Ploidy analysis
Many slide-based cytometry systems today rely on a quantitative DNA stain such as

Feulgen staining (Table 1.1). In this method, a sample is subjected to acid hydrolysis, removing a
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fraction of the nucleotide bases from cellular DNA. In the second step, a stain combines with
these reactive abasic sites (143-145). Two stains commonly used with the Feulgen method,
pararosaniline and thionin, have different spectral profiles (the former is red, while the latter is
blue), but both perform favourably compared with other stains used to quantify DNA (146).
Using a quantitative DNA stain, image cytometry can be used to study ploidy (i.e., the frequency
distribution of total DNA within cells) and its implications for cancer detection and prognosis.
Clinical guidelines for DNA cytometry have been standardized (147) as a steady stream of
studies over the past few decades continues to show the benefits of ploidy analysis in the early
detection, prognosis, and management of various types of cancers (56, 148, 149), including breast
(148, 150), cervical (148, 151-159), lung (160-163), oral (164-166), and prostate (148, 167, 168)
cancers. In cervical cancer, for example, ploidy analysis was found to perform comparably with
high-risk HPV testing and conventional cytology (152) and is being used in China for screening
(151). Ploidy analysis for cancer detection has already been standardized for clinical use (147).
Whereas the need for accurate ploidy measurements in clinical samples typically precludes the
use of paraffin-embedded tissue due to concerns of how nuclear overlap and sectioning truncation
may impact accurate segmentation and quantification, the introduction of the Hedley method of
isolating intact nuclei from archival paraffin blocks (169) has expanded the range of samples that
can be used for ploidy analyses, though usually in combination with flow cytometry (155-157,

170-176).
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Feulgen stain for DNA ploidy analysis

Breast (148, 150)
Cervical (148, 151-159)
Lung (160-163)
Oral (164-166)
Prostate (148, 167, 168)

Feulgen stain for nuclear morphometry and malignancy associated changes associated with

cancers

Breast (182, 183)

Cervical (184-188)

Colon (189, 190)

Lung (177, 180, 182, 191, 192)
Oral (193)

Hematoxylin and Eosin (H&E)

Oral lesions (198)

Skin cancers (199)

Thyroid lesions (200)

Table 1.1: Applications of quantitative image analysis in early cancer detection.

1.3.3 Other quantitative image analyses and applications

Besides ploidy analysis, image cytometry on cells stained with a stoichiometric DNA

stain like Feulgen can be used for measuring nuclear morphometry. One application of this

technique is for detecting malignancy associated changes (MACs). These are subtle

morphological changes in seemingly histologically normal cells in patients with cancer and are

hypothesized to arise from reactions in the non-malignant cells to factors released by cancer cells

(177). MACs were first observed by Gruner in 1916 (178) and subsequently expanded upon by
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Nieburgs et al (179, 180), but their practical utility for cancer detection was limited until
computer-assisted image analysis allowed these changes to be quantitatively measured by Klawe
and Rowinski in 1974 (181). MAC analysis has been used in patients with breast (182, 183),
cervical (184-188), colon (189, 190), and lung (177, 180, 182, 191, 192) cancers, among others.
By combining ploidy measures and nuclear morphometry for MACs, novel biomarkers have also
been developed for detecting lung (191) and oral cancer (193). These tests are marketed by
Perceptronix Medical Inc (Vancouver, Canada) as LungSign and OralAdvance, respectively, and
have both received Health Canada and CE Mark approval. Chromatin texture features in cervical
histology (194) and cytology (195) specimens have also been found to be indicative of high-risk
HPV. Meanwhile, image cytometry has shown promise as a tool for risk assessment of
precancerous lesions and for assisting clinical trials of chemopreventive drugs. Risk assessment
of precancerous lesions by histopathology has been hampered by the low level of agreement
between pathologists (196, 197), while chemoprevention trials are held back by the low risk of
developing cancer even in untreated cohorts and the lack of suitable surrogate end points that
would allow trials to be completed in a timely and cost-effective manner (64). Image cytometry
provides an objective measure of risk in bronchial (197) and cervical dysplasias (152), for
example. Image cytometry can be used as a secondary end point for chemoprevention trials (66),
while ploidy measurements can be used to enrich such trials with higher risk patients more likely

to benefit from chemoprevention (65, 66).

Image cytometry has been applied to other types of cellular stains. Using standard
hematoxylin and eosin staining, basic nuclear morphological features like the area, diameter, and
perimeter can be easily measured and have been investigated for use in assessing oral lesions
(198), skin cancers (199), and thyroid lesions (200). Immunocytochemical staining can also be
analyzed quantitatively with image cytometry. For example, staining of 5-bromo-2’-deoxyuridine

has been used to study cell proliferation (201), while quantification of synapses (202) and
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measurements of hormone levels in the hypothalami and pituitaries of mice (203) have further
been demonstrated by image cytometry. Using a consumer-model digital camera and public-
domain image analysis software, a group in India also demonstrated how image cytometry could
be used to predict metastasis in oral cancer (204), underscoring the potential of image cytometry
as a low-cost approach to various clinical problems in low-resource countries. Studies have
investigated, for example, the use of ploidy analysis via image cytometry to screen for cervical

cancer in China (151, 153).

While cytometric techniques like ploidy analysis can detect large-scale chromosomal
abnormalities that might be indicative of cancer, a more molecular approach toward cancer
biomarker research can be taken. Beyond simply identifying which cells might have dysregulated
genomes, one could probe how such genetic changes manifest themselves within the biochemical

machinery of the cell to produce a malignant phenotype.

1.4 Gene expression microarrays

The completion of the Human Genome Project ushered in a new era of biomarker
discovery. No longer were we confined to studying individual proteins or molecules, but the
entire human genome could be studied at once. Advances in computer technology have also

enabled us to process the vast amounts of data that such approaches generate.

One important tool for studying the genome is the cDNA or oligonucleotide microarray,
an excellent overview of which is presented in (205). Earlier methods of exploiting
complementary base pairing to interrogate nucleic acids present in a complex sample often
involved the application of a single, pure, labelled probe on to an immobilized analyte (e.g.,
Southern blotting or fluorescence in situ hybridization). In a microarray, short DNA sequences
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complementary to the genes of interest are immobilized directly on a solid support (often a glass
slide) and the complex analyte is labelled and applied on to the bound probes. Each spot on the
array contains identical copies of a particular oligonucleotide sequence, known as probes. The
earliest microarrays consisted of only a few select genes of interest (206, 207), but technological
improvements and the availability of the complete sequence of the human genome today allow
the reliable construction of microarrays spanning the entire human genome. Alternatively,
microarrays can be constructed to study specific mutations or polymorphisms. Microarrays can be
used to study DNA, looking for gene mutations or copy number variations, for example. RNA
can also be hybridized to microarrays, providing a snapshot of gene expression or, more recently,
of regulatory RNA such as siRNAs or microRNAs. Often, one sample is hybridized to a
microarray, but two samples can be simultaneously hybridized, such as with comparative

genomic hybridization, where the genomes of two samples can be compared directly.

A typical experiment using microarrays to study gene expression starts with purifying
mRNA or total RNA from the sample. mRNA is then amplified and labelled. Reverse
transcriptases generate cDNA from the RNA sample. Many commercial kits use poly-
deoxythymidine primers to specifically amplify mRNA by recognizing the poly-A tail, but some
use random primers to amplify all RNA, avoiding a well-known bias of the former kits in which
the 3’ ends of transcripts are preferentially amplified. The cDNA is then used as a template for
transcription by RNA polymerases. A fraction of the substrate nucleotide triphosphates is labelled
with a fluorescent probe so that this probe becomes incorporated into the final cRNA. In
comparative hybridization experiments, each sample would be labelled with a different
fluorophore. The labelled cRNA is purified and applied to the microarray, where complementary
strands hybridize. After washing off unbound material, the microarray is placed in a scanner
where the signal from each spot is quantified. The fluorescence intensity of each spot correlates

with the concentration of the corresponding oligonucleotide sequence in the original sample.
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1.4.1 Data analysis and validation

Data from a microarray experiment must be processed, analyzed, and validated. The data
must be background corrected and normalized so that the data itself is meaningful and
comparable between samples. Then, it is analyzed to determine genes or targets of interest.
Finally, these targets must be validated to confirm that the analysis has produced a result of
biological meaning and significance. Many strategies have been developed over the years to
handle the analysis challenges presented by microarray data, with many of the common ones now
implemented in free and commercially available software packages. For a good overview of some

of the common data analysis methods, the reader is referred to (208).

The first step of microarray data analysis is background correction to separate the signal
from measurement noise, i.e., samples for which the signal is too weak. Often, this can be as
simple as subtracting a background level from all the data and discarding negative values. To
account for spatial variations across a microarray slide, many array scanners use a background
level determined from the pixels surrounding each probe spot. For added stringency, data within

one or two standard deviations from the background level can also be discarded.

A major step in microarray data analysis is normalization. Data from one sample must be
made comparable to data from another sample, accounting for such factors as different quantities
of starting material, variations in labelling or detection efficiencies, or even systematic biases.
Again, many approaches are used in the literature and a few of the more common ones have been
summarized previously (209-211). The ultimate goal of microarray analysis is typically to
compare between two samples, so data at this point is often transformed into intensity ratios. This

allows the construction of M-A plots, in which M = log,(S;/S,) is plotted against A =

log, +/S1 - Sy, where S; and S are the signal intensity values of the two samples (212). The null

hypothesis is typically that there is no difference between the expression levels of the majority of
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genes in the two samples. Consequently, a fit of the data in the M-A domain can be performed
and subtracted from the data set to achieve normalization. Historically, a global average M was
often used as the correction factor, but observations of an intensity-dependent deviation of M
values away from zero (213) led to the use of more complex fits such as linear or locally

weighted scatterplot smoothing (LOESS or LOWESS) fits.

Once microarray data has been normalized, the data is analyzed for genes of interest. As
with other stages of microarray analysis, different groups have developed different strategies. A
simple approach is to simply call all genes exhibiting greater than a fixed threshold fold-change
as differentially expressed. Two-fold change is a common threshold, but doesn’t account for
intensity-dependence of signal noise. An alternative approach, then, is to use the local standard
deviation in the data on an M-A plot to set the appropriate thresholds. For each data point, the
standard deviation of all data with similar 4 values is calculated. If the data point exceeds a
threshold multiple of standard deviations from its neighbours, it is considered significant.

Another approach is to compare the different groups on a gene-by-gene basis using t-tests.

Regardless of the method used to generate a list of genes of interest, any useful target
must be biologically relevant. The final step, validation, attempts to demonstrate this. Targets can
be validated by showing that the gene is in fact differentially expressed in the compared samples
via an independent test such as reverse transcriptase polymerase chain reaction or
immunohistochemistry. Alternatively, validation may involve verifying that the observed
differences agree with previous literature, either on an individual gene basis or as part of a
biochemical pathway. Many pathway analysis tools (e.g., IPA (Ingenuity Systems,
www.ingenuity.com, Redwood City, CA, USA), Cytoscape (214), GSEA (215, 216), DAVID

(217, 218), and PANTHER (219)) are currently available for this.
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1.5 Immunohistochemistry and immunocytochemistry

Interest in molecular biology has led to the development of many techniques to probe the
intracellular distribution of specific biomolecules. Two such techniques are
immunohistochemistry (IHC) and immunocytochemistry (ICC), sometimes collectively referred
to as immunostaining or immunolabelling. IHC and ICC differ primarily in the types of samples
they are applied to: IHC is used on tissue sections, while ICC is used on cytology samples where
most of the extracellular matrix has been removed and information on tissue architecture and
physical intercellular interactions is mostly lost. Both techniques are well-established in the

literature and rely on specific binding of antibodies to a target of interest.

Both IHC and ICC are typically performed on fixed samples. Samples need to be
rehydrated, meaning paraffin-embedded IHC samples also need to be dewaxed. The staining
procedure can be divided into four major steps: antigen retrieval, blocking steps, primary

antibody incubation, and visualization.

The first major step of immunostaining is antigen retrieval (AR). This step reverses some
of the cross-links formed during aldehyde fixation, thereby exposing epitopes that may have been
masked by structural changes that resulted from fixation. Aldehyde-based fixatives such as
formalin (aqueous formaldehyde) are believed to fix tissue by forming cross-links between
proteins and other biomolecules (220). While these cross-links increase the durability of the
tissue in preparation for the harsh chemical treatments it may be subject to, they can conceal
antigenic binding sites recognized by antibodies. Early researchers found IHC to often be
unreliable, with discrepancies in the literature as to the presence and intensity of observed
staining (221). Attempts were made to use enzymatic digestion with proteases to improve IHC
results (221, 222). Although better than without pre-treatment, this was still unreliable and not

broadly applicable. The discovery of heat-mediated antigen retrieval opened up immunostaining
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to a wider range of possible targets (223). An excellent review of heat-mediated antigen retrieval
can be found in (224). Microwave heating, in particular, allowed immunostaining procedures to
be completed quickly and inexpensively. Heat-mediated AR involves immersing the sample
slides in a buffer solution, most commonly citrate at pH 6, but occasionally
tris(hydroxymethyl)aminomethane (Tris) and/or ethylenediaminetetraacetic acid (EDTA) at
alkaline pH. Heat, from a microwave oven, pressure cooker, or even a simple water bath, supplies
the thermal energy required to hydrolyze the cross-linking bonds and appears to be the crucial
element of AR (224). Microwave irradiation can cleave proteins at aspartyl residues, but this
seems to have only a very limited effect in AR (225). Secondary effects of the procedure that
might also play a role in improving immunostaining effectiveness include rehydration (and
consequently renaturation) of proteins as well as chelation of metal ions (notably calcium) that
were incorporated into proteins during fixation (220, 226) (all the above-mentioned commonly
used buffering agents double as good chelators), although the latter has been called into question
(227) and the exact mechanism of heat-mediated AR is not yet fully understood. Some antibodies
do not require any form of antigen retrieval, even when used on formalin-fixed samples and some
antibodies require AR even when used with non-formalin-fixed samples. The optimal antigen
retrieval protocol for any given antibody on any given sample type must be determined

empirically.

The second major step of immunostaining is a series of blocking steps. The purpose of
this step is to increase the specificity of the immunostain by preventing endogenous factors from
generating a signal through mechanisms other than the intended antibody-antigen interaction and
its associated visualization reactions. The decision of which blocking agents to use is based on
the antibody and the chosen visualization method. Hence, blocking agents will be detailed below

with the corresponding visualization method.
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Primary antibody incubation is straightforward: after antigen retrieval and the necessary
blocking steps, the antibody is applied to the sample, allowing it to bind to its antigen. Unbound
antibody is then washed off with a fresh buffer solution (often containing a small amount of

detergent).

Visualization of immunostaining typically involves the enzyme-catalyzed reaction of a
chromogen precursor to form the final insoluble chromogen that can be seen under a regular light
microscope. When a fluorescent probe is used instead, the immunostaining procedure is typically
referred to as immunofluorescence. For IHC and ICC, the enzyme can be bound directly to the
primary antibody or indirectly via a secondary antibody. The most commonly used enzymes for
immunostaining are horseradish peroxidase (HRP) and alkaline phosphatase (AP). HRP catalyzes
the oxidation of the chromogen precursor, commonly 3,3’-diaminobenzidine tetrahydrochloride
(DAB), by hydrogen peroxide. DAB polymerizes upon oxidation and appears as a brown
precipitate, insoluble in water, alcohol, and xylene. A less commonly used HRP chromogen is
aminoethyl carbazole, which forms a red precipitate, but is alcohol-soluble. When HRP is used,
the blocking step must include a way to quench any peroxidase-like activity in the sample. This is
usually achieved by incubation with aqueous or methanolic hydrogen peroxide solution.
Methanol is a strong inhibitor of peroxidase (228). AP, on the other hand, catalyzes the cleavage
of a phosphate group from its substrate. The other reaction product, besides inorganic phosphate,
is now activated and undergoes further reaction to form the visible chromogen. Endogenous AP
can be blocked by levamisole. AP is also inhibited by inorganic phosphate, so Tris-buffered

saline should be used in place of phosphate buffered saline with AP.

When the visualization enzyme is not bound directly to the primary antibody, it is bound
to a secondary antibody, which is applied to the sample after washing off the primary antibody.

Secondary antibodies are chosen to recognize all antibodies raised in the same species as the
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primary antibody. However, some samples might bind to the secondary antibody directly
(bypassing any interaction with the primary antibody). A block for non-specific binding of
antibodies is therefore needed. One option is to incubate the sample with serum from the species
in which the secondary antibody was raised. This would competitively fill any binding sites in the
sample that recognize the secondary antibody. Alternatively a universal, serum-free block can be
used. This block works by reducing non-specific hydrophobic interactions between the antibodies

and cellular components. It contains components like casein to block hydrophobic binding sites.

In addition to the common visualization methods described above, there are a number of
variations that have been developed in an attempt to improve sensitivity and specificity of
immunostaining. These include, for example, exploiting the highly specific and tight binding of
the avidin-biotin complex to bring more copies of the visualization enzyme/probe to each bound
primary antibody. Meanwhile, the EnVision system (and its successors) from Dako (Glostrup,

Denmark) utilize a dextran polymer to bind more enzyme molecules to each secondary antibody.

When performing an IHC or ICC analysis, it is important to run positive and negative
controls at the same time. This ensures the reliability of the observed positive or negative staining
in the test slides by exposing any systematic errors that may have occurred during any given
batch. Controls are typically selected on the basis of existing literature or information provided by
the antibody vendor and are ideally handled in the same manner as the test samples, including
fixation and processing methods. Alternatively (or additionally), a sample that should otherwise
stain positively can be run without a primary antibody incubation (replaced with only the
antibody diluent). Staining in such no-primary controls might indicate, for instance, inadequate
washing, secondary antibody that is too concentrated, or inadequate quenching of endogenous

peroxidase (when HRP is being used).
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Despite their many similarities, a crucial difference between IHC and ICC is the tissue
morphology information that can be derived from IHC. IHC samples are typically taken from
localized biopsies, whereas cytology specimens for ICC might include a mixture of various cell
types. Tissue architecture information enables IHC analyses regarding intercellular relationships
that would be difficult if not impossible with ICC. On the other hand, the requirement for tissue
sections for IHC restricts it to fixed samples. ICC can be performed on live cells, opening other
avenues of inquiry not accessible to [HC. In a clinical screening setting, cytology specimens may
also be preferable to biopsies because they represent sample from a wider region, obviating the
need to find and sample a suspect lesion directly. Moreover, cytology specimens can sometimes
be obtained in a less invasive manner compared to biopsies. Methodologically, ICC also requires
an additional permeabilization step, typically achieved by incubating the sample with a detergent
solution. Cells in IHC samples are already permeable on account of having had a microtome

blade pass through them.

1.6 Hypothesis and aims

The work of countless researchers over the past few decades has greatly enhanced both
our understanding of cancer and our ability to fight this disease. Looking ahead, it is believed that
the development of novel biomarkers will aid and play a crucial role in the early detection,
screening, and management of cancers and precancerous lesions. In particular, cytology appears
promising as a screening tool for lung and cervical cancer. Cytology sample collection is simple
and minimally invasive. DNA ploidy cytometry has already been used effectively for cervical
screening on over 3 million women in China. This thesis seeks to improve cytometric ploidy-
based cancer screening by layering independent biological information on to the DNA ploidy

information. The hypothesis examined in this work is that a test combining additional biological
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information with ploidy information will perform better than ploidy alone as a screening test for

early preinvasive neoplasias.

1.6.1 Aim 1: A novel sputum biomarker for bronchial dysplasia

This aim is to develop a novel sputum biomarker based on ploidy and malignancy
associated changes (MAC) features that can improve identification of subjects harbouring
dysplasia or cancer for detection of preinvasive neoplasias and chemoprevention. A combined
ploidy and MAC biomarker, applied to patients at high-risk of lung cancer, should correlate with
other known lung cancer risk factors and act as a more effective means of stratifying lung cancer
risk than age and smoking status alone. As such, the addition of MAC features represents
additional biological information that can be gleaned with minimal additional effort (no changes

required to sample collection or processing).

1.6.2 Aim 2: Double staining as a potential improvement over thionin alone
Ploidy analysis alone cannot always distinguish between cells with abnormal DNA
content and normal cycling cells. Aim 2 is to develop and test a double staining strategy
combining immunocytochemical staining for proliferation marker Ki-67 with thionin. The
additional biological information provided by the immunocytochemical stain should improve the
sensitivity and specificity of double staining for detecting high-grade dysplasias over thionin
staining alone by improving the recognition of abnormal cells. As such, we are attempting to add
biological information from a marker known to correlate with cancer risk and progression in the

cervix, at least as seen in cervical tissue samples.
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1.6.3 Aim 3: Biomarker discovery via microdissection of cervical epithelial

layers

Technologically, Aim 2 unlocks the possibility of combining any immunostain with
absorbance-based ploidy analysis. Normal human cervical squamous epithelium consists of a
differentiating continuum of cell layers. The basal layer is believed to consist of stem cells, with
cells maturing and differentiating as they move towards the surface. Carcinogenesis upsets this
regulated program of cell maturation. I aim to use microdissection of cell layers and gene
expression analysis to better understand these oncogenic processes. It is intended that this
understanding can be translated into the development of novel biomarkers that can be assayed on
cervical cytology specimens, either alone or in combination with thionin to improve cytometric
ploidy analysis. As such, we are attempting to uncover biological information by identifying a
marker that will correlate with progression in the cervix and likely be differentially expressed in

cells of conventional cytological samples.
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2  Automated Sputum Cytometry for Detection of

Intraepithelial Neoplasias in the Lung

A version of this chapter has been published as: Li G, Guillaud M, leRiche J, McWilliams
A, Gazdar A, Lam S, & MacAulay C (2012) Automated sputum cytometry for detection of
intraepithelial neoplasias in the lung. Anal Cell Pathol (Amst) 35(3):187-201. Edits have

been made throughout for additional clarity and integration into the flow of the thesis.

2.1 Introduction

Lung cancer is a major health problem worldwide. Its low survival rates can be
attributable to the fact that lung cancers are seldom detected at an early stage where curative
treatment is more likely (4, 19). To decrease lung cancer mortality, a strategy is needed to
identify both patients with early disease, for treatment, and those with precancerous disease at
risk of cancer development, for chemoprevention (229). Some screening technologies like spiral
CT and fluorescence bronchoscopy, while sensitive to early lung cancer, are invasive methods
that are costly if applied to a subject population defined as high-risk based on age and smoking
history alone. Hence, risk assessment would also be useful in selecting only the very highest risk
patients to receive more costly or invasive screening methods. Furthermore, if the risk
methodology is based on molecular alterations in the lung’s genetic material, then changes in the
assessment can be used to monitor the effectiveness of treatment or chemoprevention. The
process of carcinogenesis is a complex one, transforming normal lung tissue to invasive cancer
via a series of steps involving increasing genetic and molecular insult. Ascertaining the degree to
which areas of the lung have progressed down this path — and the corresponding increased risk of
cancer — is clinically important, as it should guide screening and chemopreventative therapy

decisions.
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The internationally accepted standard prognostic factor for lung cancer risk is the
histopathological grade of a bronchial biopsy based on the World Health Organization
classifications (230). Biopsy, taken either endoscopically or surgically, is an invasive procedure
and so other attempts to quantify risk have focused on patient factors, or biomarkers in sputum or
blood samples (25, 26, 231). Blood screen methodologies have included circulating DNA and
RNA markers and proteomic profiling (26, 232, 233). A study employing the detection of
nanoarchitectural changes in buccal cells to detect lung cancer gave promising results, but their
analysis was based on a small number of manually selected cells from a small number of patients
(234). In sputum, markers such as Ras and hnRNP B1 and the aberrant methylation of tumour
suppressor genes have all been investigated (25). Recent studies have also studied the presence of
specific chromosomal abnormalities in sputum using fluorescence in situ hybridization (235, 236)

and pulmonary function (160) as possible risk factors for lung cancer.

Sputum biomarkers are promising because they are relatively quick and inexpensive
while being adaptable to large-scale population screening (160), making them practical tools to
guide both subsequent screening and chemoprevention trials. Studies into the diagnostic utility of
conventional sputum cytology (summarized in (237)) have reported widely varying results, likely
due to differences in methodologies between studies and significant intra- and inter-observer
variations in identifying abnormal cells (31). However, most studies have been directed at the
detection of tumours and a lack of research remains into the utility of sputum cytology as a risk

assessment tool for precancerous lesions.

As the percentage of bronchial epithelial cells in sputum can be quite low, reported
sensitivities of sputum cytology for lung cancer detection also tend to be quite low (31).
Malignancy associated changes (MAC) are subtle morphological and physiological changes that

have been observed in non-malignant cells when cancer is present in a patient (179). These
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changes may be due to soluble factors secreted by the malignant cells and can be measured using
image cytometry (177). Due to the larger number of non-malignant cells expected to exhibit
MAC:s, we expect techniques based on MACs to be more sensitive than conventional cytology.
Previous work in our group and by others has shown that automated image cytometry based on
MAC:s can be used to detect lung cancer (191, 192), although care may be needed to account for

the possible confounding effect of non-malignant pulmonary diseases (238).

In this study, we correlate a number of published lung cancer risk factors —
histopathological grade of biopsies from the bronchial tree, age, smoking status, quantitative
morphometry, p53 and Ki-67 biopsy status — to a novel sputum biomarker assay based on cell
population ploidy status (i.e., the presence or absence of cells with abnormal amounts of DNA)

and malignancy associated changes (180, 192).

2.2 Materials and methods

Cell samples and data were drawn from several National Cancer Institute-sponsored lung
cancer chemoprevention trials in high-risk smokers, as defined by age and smoking history, (65-
67) and from patients undergoing investigation for suspected lung cancer. A total of 2249 sputum

samples were obtained between 2000 and 2006 from 1795 participants.

2.2.1 Chemoprevention trial subject recruitment and eligibility

For this study, a former smoker is defined as someone who has not smoked in the
previous 12 months. A current smoker has smoked in the previous 12 months. Former and current
smokers between 40 to 74 years of age with a smoking history of 230 pack-years were recruited

for the chemoprevention studies through the community outreach network of the public relations
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department of the British Columbia Cancer Agency (BCCA) using television programs, radio
broadcasts, and through local newspapers. Following an initial interview during which study
subjects completed a questionnaire to document their smoking history, we obtained a sputum
sample from each subject using simultaneous high-frequency chest wall oscillation with an ABI
Vest (Advanced Respiratory Inc., St. Paul, MN) and inhalation of 3% hypertonic saline from an
ultrasonic nebulizer for 12 minutes (65, 66). The subjects were instructed to cough intermittently
during the induction procedure and for at least 2 hours afterwards to produce sputum samples.
This procedure was found to be well tolerated by patients. The sputum samples were fixed in
50% ethanol and each sample was cytospun onto a glass slide and DNA was stained with

Feulgen-thionin.

Some patients who volunteered for the chemoprevention studies did not meet the
eligibility requirements for continuing on to participate in the bronchoscopy examination phase of
those studies after a sputum sample was collected. A total of 1312 sputum samples in the present
study were from such patients. They were followed through the Cancer Registry to determine if
they developed lung cancer. Approval was granted by the Clinical Investigations Committees of
the BCCA and The University of British Columbia. Written informed consent was obtained from

all participants.

2.2.2 Semi-automated quantitative sputum analysis

An automated, high-resolution image cytometer (Cyto-Savant™ system from
Oncometrics Inc., Vancouver, Canada) was programmed to attempt to measure the DNA content
of at least 3000 objects per sample (186, 192, 239). For slides with fewer than 3000 objects, all
objects were collected and the sample adequacy was determined on the basis of the criteria
described in Section 2.3. The image cytometer was subjected to the daily, weekly, monthly, and

yearly quality assurance standard operating procedures described in Chiu et al/ (240) and Guillaud
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et al (241) to ensure that the system’s components (i.e., device and sample staining) were
operating within their expected performance parameters. Each object detected on the slide was
individually focused and scanned. Each object was then subjected to a discriminating function, in
the form of a classification tree, which separated bronchial epithelial cells from other materials
such as food particles, macrophages, lymphocytes, and other inflammatory cells (242, 243). All
cells were then reviewed by a trained cytotechnologist (certified by the Canadian Society of
Laboratory Technologists). About 90% of all collected objects were identified to be epithelial
cells after this procedure, which we have previously demonstrated yields comparable results to

manually selecting nuclei (192).

For each epithelial cell, 110 nuclear features that will be used for ploidy and MAC
analysis were calculated. These features can be divided into 6 categories: morphology (size and
shape); densitometric properties (absorption amount and distribution); discrete texture features
(euchromatin/heterochromatin); Markovian texture features (co-occurrence based); fractal texture
features; and run-length texture features (239, 242). For each slide, the average, standard
deviation, skewness, and kurtosis were calculated for each feature from all epithelial cells found

on the slide.

2.2.3 Ploidy measures

We have previously shown that Feulgen-thionin staining with our system is quantitative
for DNA (186, 192). Each cell’s ploidy status was assessed by measuring the integrated optical
density (IOD) of the nucleus and normalizing this against the mean IOD of the sample’s diploid
cell population, as determined from a frequency histogram of the nuclear IODs (241). Diploid
cells were assigned a DNA index of 1.0. A ploidy score for each slide was calculated by
examining the frequency of cells falling within a series of DNA index ranges and then finding the

range which had the most discriminating performance between normal and abnormal cases,
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where abnormal cases were defined as carcinomas in situ (CIS) and cancers. The ranges used

were: <0.95, 0.95-1.00, 1.00-1.60, 1.60-1.85, 1.85-1.95, 1.95-2.09, 2.09-2.15, >2.15.

2.2.4 MAC measures

All MAC feature calculations were based on the feature set calculated in Section 2.2.2
and considered only cells with DNA indices between 0.7 and 1.3. A training set was constructed
by randomly sampling 100 cells from each of the 36 normal, 6 CIS, and 36 cancer samples, as
defined by the histopathological grading of their matching bronchial biopsies (see Section 2.2.5).
These 78 samples were the same ones used to train the ploidy score in Section 2.2.3. The sampled
cells from the CIS and cancer samples were then pooled together and compared against the
sampled normal cells. A forward-stepping linear discriminant function analysis (180, 197) was
performed on these two sets of about 4000 cells each, resulting in seven features selected to be

indicative of malignancy associated changes.

The combined cytometric score for each slide was calculated from a linear combination
of the 7 selected MAC features and the ploidy score. This combined cytometric score created a

sputum-based biomarker that was used in the subsequent comparative analysis.

2.2.5 Biopsy collection and analysis

Atypia in a sample was defined as the presence of at least five cells which had DNA
indices greater than 1.2 (65, 66). All volunteers with atypical sputum were recalled and invited to
be examined using autofluorescence bronchoscopy; they had an average of 7-8 bronchial biopsies
taken per visit. Each of the 7934 biopsies collected was fixed in buffered formalin, embedded in
paraffin, and serially sectioned. H&E-stained sections from each biopsy were systematically
reviewed by two experienced lung pathologists (J leRiche, A Gazdar), as previously described

(65, 66). Each biopsy was classified into one of the categories (normal, basal cell hyperplasia,
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metaplasia, mild/moderate/severe dysplasia, carcinoma in situ, cancer) in the histopathological
system established by the World Health Organization (244). Minor (i.e., one grade) differences in
sample classification were resolved by telephone consultation between the two pathologists. If the
diagnosis differed by two or more grades, both pathologists reviewed the slides again and reached
a consensus diagnosis after communication by phone, email, or in person. The biopsies were
matched by patient and date of collection to 1233 distinct sputum samples. For each of these
sputum samples, the most severe consensus biopsy diagnosis associated with that sputum sample
was recorded. In addition, all samples taken from patients who were subsequently diagnosed with
CIS or cancer by non-bronchoscopic means (e.g., CT scans) within 8 months after sputum
collection were also classified as CIS or cancer, as appropriate. All subjects who received, for any
biopsy, a biopsy grade of dysplasia, or worse, then had a Morphometry Index (MI) calculated for
all their biopsies, according to the procedure set out in (197). A total of 5060 biopsies had MIs

calculated for this study.

178 biopsy samples taken from sites with a biopsy grading of at least dysplasia at
baseline or follow-up were subjected to immunohistochemical analysis using 4 markers: p53, Ki-
67, bcl2, and cleaved caspase 3, as previously described (65). They were graded visually on a 0 —
4 scale (with 0 indicating no stain and 4 indicating more than 75% of the nuclei staining positive)
by experienced cytotechnologists. Of these biopsies, 159 corresponded to one of the sputum

samples within the data set for the present analysis, matching both patient and time.

Some of the volunteers in this study either developed resectable lung cancer during the
trial process or were discovered to have cancer upon enrolment. From 40 of these subjects who
developed lung cancer, 73 sputum samples were collected either before or after surgical
treatment. These 40 cases included patients with squamous cell carcinomas, adenocarcinomas,

large cell lung cancers, and small cell lung cancers.
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Except where otherwise noted, statistical significance in the present analysis was
assessed using unpaired t-tests and ANOVA performed using STATISTICA software (StatSoft

Inc., Tulsa, OK). P < 0.05 was considered statistically significant.

2.3 Results

The average age of the 1795 volunteers when samples were taken was 59.7 years
(ranging from 39 to 83), and the average pack-years smoked was 48 (ranging from 8 to 221
amongst all current and former smokers). 57% of the samples were taken from male participants,
43% from females. 60.2% of the samples came from former smokers, 38.5% from current
smokers, and 0.3% from non-smokers. The age distributions were similar between sexes: male
average was 60 (range 39-83) and female average was 59 (range 39-81). However, there was
some difference in their smoking history, with the male average pack-year exposure being 50,

and the female average pack-year exposure being 44.

Upon comparing the ploidy characteristics of the normal and CIS/cancer training sets, the
most discriminating ploidy feature was found to be the frequency of epithelial cells with a ploidy
amount between 1.6 and 1.85, denoted here as v4. Hence, this was used in the ploidy score that
will be combined with malignancy associated changes features and then compared with bronchial
biopsy histology: Ploidyscore = 324 - v, — 0.3548. Seven features were found to be most
indicative of malignancy associated changes: 1) the standard deviation (SD) of a nuclear
morphology feature, harmon05_fft (a measure of nuclear roundness) (242), across all the
epithelial cells measured for the sample, 2) the SD of 3 nuclear discrete texture features,
high DNA area, medium DNA amount and medium average distance (239), across all the

epithelial cells measured for the sample, 3) the SD of a Markovian texture feature, correlation
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(239), across all the epithelial cells measured for the sample, 4) the mean of a fractal texture
feature, fractal dimension (239), across all the epithelial cells measured for the sample and 5) the
SD of a run-length texture feature, maximum_run_length (adapted from (239)), across all the
epithelial cells measured for the sample. These 7 MAC-based features were used to generate a
MAC score:

MACscore = 11.6186578 - SDparmonos_srt + 102.10314446 - SDryeqivm_average_distance —
0.22874972 - SDmaximum_run_tengtn + 35.60912366 - Means qctai_aimension —

36.69652294 - SDpign pNa area + 0.17210604 - SDcorreration — 30.68769782 -

SDmedium pNa_amount — 90.8891872. Finally, the MAC score was combined with the ploidy

score as a weighted sum to create a Raw Combined Score (Raw CS): Raw CS = 1.008354 -

MACscore + 0.404192 - Ploidyscore + 0.509748.

A plot of the Raw Combined Scores showed a dependency on the number of identifiable
cells on each slide (Figure 2.1A). To correct for this, we subtracted from each Raw CS the value
predicted by the distance-weighted least squares fit as a function of the number of cells measured
on the slide. There were insufficient samples with more than 6000 cells to reliably estimate the
trend, so the adjustment for samples with more than 6000 cells was set to zero. Except where
otherwise specified, the adjusted Combined Score will be denoted simply as the Combined Score

or CS for the remainder of the present analysis.
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Figure 2.1: Dependence of the Combined Score on the number of identifiable cells. Trend lines are
distance-weighted least squares fits. A: As the number of identifiable cells increases, the scatter decreases
and the Raw Combined Score becomes a more consistent measurement. The distribution of
histopathological grades, meanwhile, is quite consistent across the range of identifiable cell counts.
However, a distinct trend towards higher Raw Combined Scores at lower cell counts necessitated a cell
count normalization procedure. B: Adjusted Combined Scores, with data categorized according to the
highest grade of abnormality found in that patient’s biopsies. Data points have been removed to highlight
the trends. Below a count of 500 cells per slide, the consistent patterns that the various histological
categories exhibit break down, as seen in the rapid changes and convergence of the four running average
curve lines.

As with any cytological test, we must set a sample adequacy threshold that minimizes the

scatter from measuring too few cells without excluding so many samples that it causes undue
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stress on patients and reduces the test’s overall utility in a clinical setting. We chose 500 cells per

slide as a threshold because below this level, the somewhat consistent patterns that the various

histological categories exhibit break down (Figure 2.1B). Meanwhile, approximately 10% of the

sample slides are excluded at this level, which was felt to be an acceptable rate. Hence, only

sputum samples with at least 500 identifiable cells were used in the subsequent analysis.

A comparison of the sputum-derived Combined Score (CS) with the maximum

histopathological grade of all the bronchial biopsies of the test subject at the corresponding time

point is shown in Figure 2.2. There is a clear trend that as pathological severity increases, so does

the CS (F-test, P < 10”). Post hoc analysis using the Tukey Unequal N Honestly Significant

Difference (HSD) test showed that the CS of the normal and hyperplasia groups were statistically

significant from those of the cancers (P = 0.003 and 0.009, respectively).
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Figure 2.2: Box plots of Combined Score for sputum samples containing more than 500 identifiable cells,
grouped according to the highest histopathological grade in that patient. There is a general increase in the
median Combined Score in samples taken from patients harbouring more pathologically severe lesions.
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As similar histopathological groups can often be difficult to distinguish, we created four
new groups: normal/hyperplasia, metaplasia/mild dysplasia, moderate dysplasia to CIS, invasive
cancer. When these groups are used, the trend between CS and pathological severity becomes
even more evident, as shown in Figure 2.3A. Post hoc analysis shows that the normal/hyperplasia
group is significantly different from all other groups and the cancers are significantly different

from the metaplasia/mild group (summarized in Figure 2.3B).
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Figure 2.3: Analysis of Combined Scores for samples from patients in each of the four histopathological
groups created by combining similar grades: normal/hyperplasia, metaplasia/mild dysplasia, moderate
dysplasia to CIS, invasive cancer. A: Plot of mean CS. Error bars denote 95% confidence intervals. B:
Summary P-value matrix of Tukey Unequal N HSD Post Hoc analysis. Significant P-values are highlighted
in red and the italicized row shows mean Combined Scores in each group.

The ideal criteria for assessing a novel lung cancer risk biomarker would be reductions in
mortality and/or progression to invasive cancer. In the absence of data on whether or not our
study subjects progressed, we attempted to estimate the degree to which the Combined Score can

be used to ascertain lung cancer risk by comparing the CS to other known risk factors and
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biomarkers of lung cancer. Using the Morphometry Index in conjunction with histopathological
grading, we created high- and low-risk subject groups, which we will denote m-risk. A given
patient was considered low-m-risk if he or she had a histopathological grading of hyperplasia, or
less, and a maximum MI < 1.36, as described in (66). High-m-risk subjects had a maximum

MI > 1.36 and a histopathological grading of moderate dysplasia, or worse. Additionally, all CIS
and cancer patients were denoted high-m-risk, regardless of MI. Given the strong correlation
between the Morphological Index and cancer risk (197), we feel that this combination of
dysplasia grade and M1, i.e., the m-risk, represents a more accurate approximation of lung cancer
risk than does a system that relies on dysplasia grade alone. If all the subjects that fit into the
high- or low-m-risk categories are grouped together, there is a significant correlation between the
Combined Score and the m-risk groups (P = 0.00004) (Figure 2.4). Removing the samples used
for training from this analysis, this correlation between CS and m-risk groups still holds

(P = 0.008).
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Figure 2.4: Box plots of Combined Score for sputum samples, sorted according to m-risk. Normal and
hyperplasia groups are low-m-risk and only data for which the low-m-risk MI criterion is also met (max
MI < 1.36) is shown here. Moderate and severe dysplasia are considered high-m-risk and the data shown
here only includes cases where the high-m-risk MI criterion is also met (max MI > 1.36). Additionally, all
CIS and cancer cases were counted as high-m-risk, regardless of MI. Metaplasia and mild dysplasia are
neutral m-risk and all data in these groups is shown. The numbers at the bottom indicate the number of
sputum samples in each group. The Combined Scores for the low- and high-m-risk groups are significantly
different (P = 0.00004).

Using the m-risk groups, we can construct a receiver operating characteristic (ROC)
curve representing the ability of the Combined Score to distinguish high-m-risk patients from
low-m-risk patients (Figure 2.5). Patients with metaplasia and mild dysplasia are considered
neutral m-risk. As we are unsure whether to consider them high- or low-m-risk, we excluded
them from this analysis. In this manner, we are assessing the performance of CS on only the
patients for whom we are most certain of their risk of progression to invasive lung cancer. Since
many patients received multiple biopsies over the course of the study, MI can be used to
determine m-risk either by using the maximum MI at a given time point or the average MI at that

time point. In either case, the worst histopathological diagnosis was used to determine the m-risk
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group. CS performed well by both definitions of m-risk, although using the average MI resulted
in a noticeably better area under the curve than using the maximum MI (AUC by trapezoidal rule,
0.766 and 0.711, respectively). If all samples used in training the CS are removed from this

analysis, the areas under the curve become 0.752 and 0.677, respectively.
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Figure 2.5: ROC curves showing the ability of the Combined Score to distinguish between high- and low-
m-risk patients. Patient m-risk groups were defined as described in the text. Patient m-risk can be defined
using the maximum MI of the biopsies from the subject or the average MI from the biopsies taken from the
subject, both cases for which are shown. For comparison, the ROC curve for LungSign, a test developed to
detect more advanced neoplastic lesions, i.e., cancer, is shown as well (adapted from Figure 2 in (191)).
Areas under the curve are 0.711, 0.766, and 0.692 for maximum MI, average MI, and LungSign,
respectively.

Age and pack-years smoked are the most widely studied epidemiological lung cancer risk

factors. Both have been shown to be key predictors of lung cancer risk (245). Plotting each
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sample’s Combined Score against age and pack-years smoked shows a positive correlation in
each case (data not shown). A linear regression with a statistically significant positive slope can
be calculated in each case which confirms that CS increases with age and smoking history.
Furthermore, these trends remain even if the subject population is broken down into male/female
and current smoker/former smoker groups. The subject population was divided into these groups

because these subpopulations may exhibit differences in cancer risk or progression (25, 246).

There has been considerable work to find immunohistochemical markers — in blood,
sputum, or biopsies — that correlate with lung cancer risk (230, 247). Two of the more successful
tissue-based lung cancer immunohistochemical markers are p53 and Ki-67. p53, which is the
most studied marker for all cancers including lung cancer (230), has been shown to be
overexpressed in many premalignant bronchial lesions (248). Furthermore, overexpression of p53
in a lesion correlates with an increased risk of a lesion progressing to invasive cancer (248).
Immunostaining with the proliferation marker Ki-67, which is expressed in the G4, S, G,, and M
phases of the cell cycle (249), has been shown to be of prognostic value in a number of cancers,
including lung cancer (250, 251). Ki-67 expression has further been demonstrated to increase as

preneoplastic lung lesions progress from mild dysplasia to CIS (252).

Figure 2.6A and Figure 2.6B plot the immunohistochemical staining score of p53 and Ki-
67 respectively, for each of the 159 biopsies selected (see Materials and methods) against its
histopathological grading. Overall, there was a positive correlation between p53 staining and
histological grade. There was also a statistically significant difference between hyperplasia and
all of the more severe grades (Figure 2.6A). The proliferation marker Ki-67 shows an even more
pronounced progression of increasing staining with increasing severity of pathological grading
(Figure 2.6B). Immunohistochemical staining with bcl2 and cleaved caspase 3 were also

performed, but no correlation was observed between these stains and histopathological grade.
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This appeared to be partly due to poor staining quality. Hence, bcl2 and cleaved caspase 3
immunostaining were considered poor markers for lung cancer risk and no further analysis with

these markers was pursued.
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Figure 2.6: Box plots comparing p53 (A) and Ki-67 (B) staining score to histopathological grade for the
159 biopsy samples from sites that had a biopsy grading of dysplasia or worse at baseline or follow-up.



To compare p53 and Ki-67 immunohistochemical staining to the sputum-based
Combined Score, the sample populations were separated into current and former smoker
subgroups. To more clearly illustrate the trends in the data, the five immunohistochemical
staining scores were combined into two groups: no/weak staining (scores 0-1) and stronger
staining (scores 2-4). The CS correlates with the p53 immunohistochemical staining for both
former smokers and current smokers (Figure 2.7A and Figure 2.7B, respectively). Ki-67 staining
correlated with increasing Combined Score values for the former smoker subgroup (Figure 2.7C).
However, there was no discernable pattern in the plot comparing Ki-67 immunostaining to the
Combined Score values for current smokers (Figure 2.7D). This is mainly because the CS for the
current smoker cases with weaker Ki-67 staining is as high as the scores for all cases with
stronger Ki-67 staining regardless of smoking status. For the comparisons shown in each of the
four panels (Figure 2.7A-D), P = 0.08, 0.008, 0.1, 0.6, respectively, although we can likely
attribute the findings of insignificance in the former smoker comparisons to an insufficient

number of cases.
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Given the impact of smoking status on the interaction between the Ki-67 measurements
and Combined Score, we turned our attention to other risk factors which might have a
confounding effect on our analysis of CS. We found that there were small but not significant
differences between the high- and low-m-risk groups in terms of age, smoking history, and sex (t-
tests, sex by Pearson i, P = 0.1, 0.2, 0.3, respectively), but high-m-risk patients were
significantly more likely to be current smokers (Pearson y°, P = 0.00009). Analyzing current and
former smokers separately, we found that in both cases, high-m-risk patients had significantly
higher CS than low-m-risk patients (P = 0.01, 0.002, respectively). Furthermore, Figure 2.2
replotted with current and former smokers separately shows the same general trends in each
subgroup as the original figure, demonstrating that smoking status does not have a confounding

effect on our analysis of CS overall.

The most important feature of any surrogate biomarker is its correlation with cancer risk
or progression. While our participant criteria were not designed to find lung cancer patients, a
number of study participants developed lung cancer over the course of the study. Additionally,
some patients recruited on account of receiving a bronchoscopy for other clinical indications were
found to have lung cancer upon enrolment. We compared sputum samples taken within eight
months before surgery with sputum samples collected at least six months after the surgical
resection treatment protocol. Samples taken after surgery had significantly lower (P = 0.003)
Combined Scores than the samples taken before surgery. The t-test was unpaired because not
enough patients had data both before and after surgery for a pair-wise test to be statistically

meaningful.

Among the sputum samples linked to a positive cancer diagnosis, there was no significant
difference in CS between distal and proximal tumours (P = 0.9). When broken down by cancer

subtype, there was no significant difference between adenocarcinomas and squamous cell
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carcinomas (P = 0.1). There were insufficient samples of small cell and other non-small cell lung

cancers to make any other statistically meaningful comparisons.

2.4 Discussion

It has been suggested that the traditional view that cancer begins when invasive disease is
first detected should be replaced by one in which carcinogenesis itself is the disease, with
invasive or symptomatic cancer being merely the final outcome (49). Consequently, treatments
should aim to “reverse, suppress, or prevent the process of carcinogenesis” (247). This is the goal

of chemoprevention, with past work in our group and others showing promise (65-68).

However, many early chemoprevention studies for lung cancer have actually shown
neutral or even negative effect from chemopreventative agents. Disappointing results from these
early studies may be due to the fact that many of these studies used smoking status as the primary
selection criterion, resulting in a study population with an insufficiently high risk to benefit from
chemoprevention (64). Many precancerous lesions never progress even without treatment (59)
and so chemoprevention will offer these patients no additional benefit. If we can remove these
patients from a study population and only study those who are likely to progress to invasive

disease without treatment, any effect from chemoprevention should become more evident.

End points for chemoprevention studies are typically the incidence of invasive cancer or
mortality (64). Since many pre-cancers never develop into invasive disease, regardless of whether
chemopreventative agents are used, this makes such trials long and costly. Governments and
pharmaceutical companies may be reluctant to invest in the development of cancer
chemoprevention drugs and strategies due to the immense research cost, especially while lung
cancer chemoprevention is still not a universally accepted approach to the management of the
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disease. In order to accelerate the development and verification of new chemopreventative agents,

intermediate end points need to be identified and validated.

Computer analysis of sputum samples has previously been used to detect lung cancer,
using criteria based on ploidy (161), MACs (180), or both (191). While CS sought to detect pre-
cancers, the LungSign test combined ploidy and MAC analysis and was effective in detecting
40% of all lung cancers with 91% specificity consistently across all subtypes and stages, far
better than the results from conventional cytology (191). MAC analysis is appealing because it
can be measured on non-malignant cells, which typically greatly outnumber malignant ones in
sputum samples. The features we used describe various aspects of the nuclear architecture.
Changes in the chromatin distribution and organization may be indicative of changes in activation
and expression of genes. Genetic and epigenetic alterations, which may be related to cell cycle,
metabolic, or differentiation status of the cell, are reflected in these MAC features (239). Using a
similar approach to LungSign, we have devised a novel biomarker combining ploidy and MAC
analysis. Unlike LungSign, which was optimized for the detection of invasive cancers with high
specificity, the Combined Score presented in this paper is designed to detect dysplasias. By
detecting pre-cancerous lesions before they become invasive cancers, the CS could allow the
highest-risk patients to be enrolled in chemopreventative therapy trials in an effort to reduce their
risk of progression to cancer. Since the Combined Score correlates with dysplasia grade, the

effectiveness of any such intervention can also be safely and easily monitored over time.

As a biomarker for lung cancer risk, our analysis shows that the Combined Score
correlates with a number of other known lung cancer risk factors. CS is better able to distinguish
patients with moderate dysplasia or worse from those with normal histology or hyperplasia than
either age or smoking history alone (trapezoidal rule areas under the ROC curves of 0.661, 0.569,

and 0.537 for CS, age, and smoking history, respectively). When compared to histopathological
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grade as shown in Figure 2.2, there is a clear trend towards higher Combined Scores with
increasing disease severity. This trend is apparent even if we were to remove all the normal, CIS,
and cancer cases, the sample sets from which the training set was derived. Since Morphometry
Indices for biopsies from patients who progressed to cancer were significantly higher than non-
progressing lesions of the same histopathological grade (197), MI can supplement histopathology.
By combining histopathology and MI, we can get a better assessment of cancer risk (which we
denoted m-risk). Adding the MI to our analysis, we found that CS correlated even better with m-
risk (Figure 2.4) than with cancer risk defined by dysplasia grade alone. In the context of
chemoprevention trials, then, we would aim to enrol patients with high m-risk. CS is a non-
invasive test that could potentially identify subjects harbouring high-grade dysplasia and cancer

without biopsying everyone.

The fact that the correlation between CS and histopathological grading is not as strong as
that between MI and pathological grades in previous studies (197) reflects the difference between
the subtle malignancy associated changes that occur lung-wide and the more pronounced changes
found in the diagnostic cells of biopsies. However, collecting biopsies (upon which both
histopathological grading and MI are based) is still an invasive technique. The correlation
between CS and the combination of histopathology and MI suggest that CS could be used as a
rapid, non-invasive, and relatively inexpensive alternative to these techniques for both risk

assessment and the conduction of chemoprevention studies.

As we lacked data on actual cancer progression, we used MI and histopathology as a gold
standard to assess the performance of CS in identifying those patients at highest risk to progress
to invasive cancer. As a previous study found that patients who progressed to cancer had
significantly higher MlIs than patients with non-progressing lesions (197), we believe the

combination of MI and histopathology embodied by the m-risk provides a better estimate of lung
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cancer progression risk than histopathology alone. Figure 2.5 shows ROC curves using either
maximum or average MI to define m-risk. Both these methods of determining m-risk generate
noticeably different ROC curves. Clinically, a physician may be interested in determining the risk
of progression of the most severe lesion and so a risk assessment using the maximum MI is most
appropriate. However, a sputum biomarker is based on a sampling of cells from throughout the
lungs. As expected, then, when the average MI is used as the criterion for determining m-risk, the
ROC curve for CS looks improved over the maximum MI case. Nonetheless, even when using the
maximum MI as the m-risk criterion, the ROC curve for CS compares very well with that for
LungSign. This is despite the fact that LungSign seeks to distinguish between cancerous (CIS or
worse) and non-cancerous samples, whereas the Combined Score is able to separate high-grade
dysplasias from normals, an arguably much more challenging task. While our samples were not
routinely screened with conventional cytology, a subset of our samples overlaps with those used
in the LungSign study, where they reported a sensitivity of 16% and a specificity of 99.1% for
detecting lung cancer with cytology. The CS showed a similar level of sensitivity to high-grade

dysplasias at that level of specificity.

The ideal analysis for any novel biomarker would be to see which patients ultimately
develop cancer. This requires extensive follow-up and even then, only a small number ever
progress. In the absence of data on actual cancer progression, the next best alternative is to ensure
that the novel biomarker correlates with known biomarkers. We found that Combined Score
correlated with age, smoking history, and immunohistochemical staining of p53 and Ki-67, all of
which have been previously found to correlate with lung cancer risk (245, 247, 248, 252). Except
for Ki-67 staining in current smokers, these trends were further found to be applicable to both

current and former smokers.
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In former smokers, the Combined Score shows a particularly strong correlation with p53
staining. This may be due in part to “field cancerization,” a concept first proposed by Slaughter et
al (57) to explain the propensity of individuals with one malignancy to develop second primary
tumours. Mutations and changes in expression level of the p53 gene across wide areas of the lung
have previously been reported in subjects with dysplasia or preinvasive lesions (248). Since CS is
based on a sampling of cells from throughout the lungs, we might expect a better correlation with
an immunohistochemical marker whose expression has likewise been altered over a large region

of the pulmonary mucosa.

Ongoing exposure to cigarette smoke causes inflammation in the lungs and has been
shown to be associated with an increased expression of not only Ki-67 (253) but also proliferating
cell nuclear antigen (254), another important proliferation marker. This confounds our analysis
and may help explain why we do not observe a trend between CS and Ki-67 staining in current
smokers, as any correlation between CS and Ki-67 may be dwarfed by the impact of smoking on
proliferation across the lung. Further, smoking is known to alter the expression not only of a large
number of genes (49) but the chromatin structure as well (255) and these changes are different in
current and former smokers. Our Ki-67 staining results, when compared to the Combined Score,
illustrate one more example of the difference between the lungs of current and former smokers,
underscoring the necessity of taking smoking status into consideration for any proliferation-based

diagnosis or treatment.

To address the issue of potential confounding effects in our analyses of CS, we compared
the age, smoking history, sex, and smoking status of patients in our two m-risk groups. As these
are all documented to affect lung cancer risk, we expected to see some differences between the
groups. Except in the case of smoking status, the differences we observed were too small to be

considered potential confounders. A follow-up analysis showed that among both current and
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former smokers, the general trends we observed in Figure 2.2 still hold and high-m-risk patients
have higher CS, so smoking status does not impart any additional confounding effect on our
analyses. However, as current smokers generally had higher CS than former smokers

(P =0.00001), different thresholds may need to be set if CS were to be used in a clinical setting.

Since the Combined Score is presented on a continuous numeric scale, it allows smaller
changes in lung health to be detected. The use of automated image analysis also means that it
should be more objective than standard histopathology. We’ve shown that the Combined Score
correlates with m-risk, which combines the dysplasia grade and the Morphometry Index. We
believe that CS can be used to monitor chemoprevention trials. Unlike the MI, however, the CS is
a sputum-based biomarker, which is less invasive and more likely to be tolerated by patients. This

further allows CS to be measured repeatedly over the course of the trial.

In chemoprevention trials, these advantages mean that trials can be designed to use a
reduction in CS by a certain threshold amount as an alternative end point, instead of waiting for
invasive disease to develop. We can consider our analysis of surgically resected lung cancer cases
to be an example of this, as we can think of surgery and chemoprevention as two different
interventions and CS as a common scale by which to assess their effectiveness. In cases where
lung cancer has been treated by surgery, the Combined Scores before and after surgery are
significantly different. We are further encouraged by the observation that our sample contains a
mix of squamous cell carcinomas and adenocarcinomas. With the small sample size, however, it
is difficult to properly assess the ability of CS to detect successful surgery. There is also
insufficient data to assess whether CS performs better with squamous cell carcinomas or
adenocarcinomas. The present study was not designed to test CS in this setting, but the initial
results suggest this is another potential application of CS that merits further study. Similar to how

CS can be tuned for optimal detection of precancerous lesions, the continuous scale of the
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Combined Score allows us in the future to select a good threshold for detecting successful surgery

once data from a larger and more comprehensive study is available.

The observation that post-surgery Combined Scores are lower than scores from before
surgery suggests that CS is sensitive to MACs, which was the intention in training the CS. While
the correlative evidence is weak, an advantage of using MACs as a pre-screening test is the extra
sensitivity inherent in being able to detect malignancy even when a sputum sample consists
primarily of non-malignant cells, as is often the case. In addition to being able to detect MACs,
the Combined Score appears to be able to detect the effects of field cancerization. The correlation
of CS with p53 staining is suggestive of this, as is the observation that CS is better able to assess
m-risk when m-risk is calculated on the basis of average MI as opposed to maximum MI (Figure
2.5). The magnitude of a MAC effect might be expected to correlate with the most severe lesion
present releasing soluble factors to which the surrounding cells respond, but the CS appears to
correlate more with the severity of the overall “cancer field” as reflected in the average MI. This
is of benefit to the design of future chemoprevention studies as it would be informative to be able
to monitor the overall level of field cancerization in response to a candidate chemopreventive

therapy. Our data weakly suggests that the CS can act as a surrogate biomarker in this regard.

We view MACs and field cancerization as separate but possibly related phenomena.
While the prevailing field cancerization hypothesis suggests that cancers arise from a field of
altered cells, previous work with pre- and post-surgery patients suggests that cancer cells
themselves influence histologically normal cells (177). As these effects can be reversed by
removing the tumour, it has been hypothesized that such effects may be a response in
histologically normal cells to autocrine signals released by malignant cells (177). Although our

data cannot provide insight into the mechanisms underlying the morphological changes detected
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by the Combined Score, our results weakly suggest that CS may correlate with both MACs and

field cancerization.

Despite decades of work, there remains no widely accepted screening test for early lung
cancer detection. Studies using spiral CT, for example, showed high sensitivity for detecting non-
calcified pulmonary nodules, but had a low specificity, which, coupled with a low overall
prevalence of lung cancer even amongst heavy smokers, led to a low positive predictive value
(25) and consequently increased costs due to follow-up testing and unnecessary surgical
interventions. To address these shortcomings, it has been suggested that automated sputum
cytometry could be used as an initial screening test, thereby increasing the disease prevalence
amongst those subsequently screened by CT and autofluorescence bronchoscopy (75). While our
intent was not to design a novel pre-screening tool, our analysis of the Combined Score as a pre-
screen for patients most likely to benefit from chemoprevention suggests that CS could
potentially be used to pre-screen for patients most likely to benefit from secondary lung cancer
screening with CT and autofluorescence bronchoscopy. Our study population was at high risk of
developing lung cancer on the basis of demographic risk factors (i.e., age and smoking history).
We envision any potential use of CS in a pre-screening setting would also focus on such a subset
of patients as these are patients most likely to benefit from additional screening. Moreover,
patients at high risk due to age and smoking history are readily identified by the use of a patient

questionnaire.

Like the LungSign test, the Combined Score is a sputum biomarker that has an adjustable
classification threshold. This allows the performance to be optimized to best complement other
early lung cancer detection methods (191). In such a pre-screening scenario where positive pre-
screening tests would be followed up with more (perhaps more costly and/or invasive) screening,

we would like a test with a high sensitivity, while tolerating a lower specificity. The performance
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scores of the Combined Score for detecting pre-cancers match very well those of the LungSign
test for detecting cancers. At a specificity of 50%, for example, we can achieve 78% sensitivity
for high-grade dysplasias, which is slightly better than LungSign’s ability to detect cancers at that
level of specificity. This means we could reduce the number of CTs by half and still catch
roughly three-quarters of all high-m-risk pre-cancers. This would have significant cost savings
and mean less risk of increased cancer incidence caused by radiation exposure due to unnecessary
CT scans (256). However, one must keep in mind that our analysis of the ability of CS to identify
high-m-risk lesions excludes metaplasias and mild dysplasias, which may result in better
perceived performance. More study will be needed to validate the use of CS as a pre-screener in

conjunction with more invasive screening tools in a clinical setting.

2.5 Conclusion

Attempts to develop effective screening tools for lung cancer have faced many
challenges. Just as importantly, where patients have been found to harbour precancerous lesions,
there remain no widely accepted interventions as research into chemoprevention is currently
hampered by a lack of effective surrogate biomarkers to serve as end points for trials. We have
presented evidence that the Combined Score, a novel automated sputum image cytometry
biomarker based on ploidy and MAC analysis, correlates with other known lung cancer risk
factors like histopathology, age, smoking status, and immunohistochemistry of p53 and Ki-67.
Compared to LungSign, a similar sputum biomarker, Combined Score achieves a similar
performance separating high- and low-m-risk pre-cancers to that of LungSign separating cancers
and non-cancers. Patients with high Combined Scores are prime candidates for enrolment in
chemoprevention studies, where the Combined Score may be most useful as a method of

monitoring response and screening for a higher risk study population more likely to benefit from
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treatment. This will hopefully spur more interest in investigating chemopreventative therapies
that will treat the carcinogenic process before invasive disease appears, saving money and patient

lives in the long run.
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3 Double Staining Cytologic Samples with
Quantitative Feulgen-Thionin and Anti-Ki-67
Immunocytochemistry as a Method of Distinguishing
Cells with Abnormal DNA Content from Normal Cycling

Cells

A version of this chapter has been published as: Li G, Guillaud M, Follen M, &
MacAulay C (2012) Double staining cytologic samples with quantitative Feulgen-thionin
and anti-Ki-67 immunocytochemistry as a method of distinguishing cells with abnormal
DNA content from normal cycling cells. Anal Quant Cytopathol Histopathol 34(5):273-
284. Significant edits have been made to the Introduction and minor stylistic and

grammatical changes have been made throughout in order to integrate this content into

the flow of the thesis.

3.1 Introduction

We have shown that ploidy analysis combined with MAC features may be a useful
biomarker for risk assessment in lung dysplasias. However, ploidy analysis itself has room for
improvement because the amount of DNA present within the nucleus of a normal cycling cell
changes as it progresses through the cell cycle. A normal cycling cell can be diploid, tetraploid, or
somewhere in between. Frankly abnormal cells (>2.5 times the normal complement of DNA) are
rare and occur in widely disparate and very low frequencies, even in high-grade dysplasias such
as high-grade squamous intraepithelial lesions (HGSIL) of the cervix (106, 158, 257). Hence,
ploidy might be an improved biomarker for cancer screening if normal dividing cells could be

distinguished from abnormal non-cycling cells by using an immunostain for Ki-67 as a marker of
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cell proliferation. Ki-67 is an antigen expressed in the nuclei or on chromosome surfaces during
all active phases of the cell cycle (i.e., all except Go) (249). As such, it has been used for many
years as a proliferation marker and in the assessment of many cancers (249, 250, 258-260),

including cervical cancer (261-264).

Previous attempts to simultaneously determine DNA content and assess proliferation
status in the same cell have relied heavily on fluorescent labels detected by flow cytometry, in
which abnormal cell identification is hindered by the uncertainty of only individual cell passage
through the flow cytometer, which can mistakenly detect signals from non-cellular material,
especially when trying to detect a relatively rare event (265, 266). We instead propose to use
absorbance stains on slide-mounted samples. Absorbance stains are permanent and less costly to
image, as a simple light microscope will suffice. A slide-based assay would enable the study of a
wider range of sample types without picking up signals from non-cellular material. By double
staining cytological specimens, normal cycling cells can be removed from the analysis, focussing
on those cells whose abnormal DNA content might be indicative of large-scale chromosomal
mutations associated with precancerous changes. Hence, we hypothesize that by studying Ki-67-
negative cells only, ploidy analysis can be a better indicator of high-risk dysplastic lesions than

ploidy analysis on cycling and non-cycling cells combined.

Double staining will be attempted on cervical cytological specimens. Cervical cancer is a
relatively commonly diagnosed cancer on a global scale, ranking third amongst females (2).
Screening programs in industrialized nations have successfully reduced cervical cancer mortality,
but the vast majority of cases today arise in low-resource settings. Hence, there is a great need for
simple and effective screening programs in developing countries. The success of ploidy analysis
in other cancers has prompted interest in its potential application to cervical cancer screening

(154, 267). Indeed, ploidy analysis is already in use successfully in China for cervical cancer
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screening (151, 153). We have previously shown that ploidy analysis using Feulgen-thionin
staining performs comparably with conventional cytology and HPV testing for detecting cervical
high-grade dysplastic lesions (152). Further study suggests that ploidy and HPV mRNA may be
independent predictors of cervical dysplasia (195). Despite its past successes, ploidy still has
room for improvement, as noted above. Hence, we believe that double staining will prove to be a

better indicator of high-grade cervical dysplasias than ploidy analysis alone.

3.2 Materials and methods

3.2.1 Cell culture

Cell culture was performed to generate large numbers of cytology slides for protocol
optimization. HL-60 acute promyelocytic leukemia and H460 large cell lung cancer cell lines
were obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained
in Iscove’s Modified Dulbecco’s Medium and RPMI, respectively, supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. Cells were incubated at 37°C in an atmosphere of
95% air and 5% carbon dioxide. To generate HL-60 slides, autoclaved, uncharged, pre-cleaned
glass slides were placed in square culture dishes, 3 per dish, and covered with 15 mL of cell
suspension at 5x10° cells/mL in growth medium. To each dish was added 15 pL of 1 mg/mL
phorbol 12-myristate 13-acetate (Sigma-Aldrich Canada, Oakville, ON, Canada) solution in
ethanol, causing the cells to adhere to the slides (268). After an additional 48 hours of growth, the
slides were rinsed, fixed in Sed-Fix® (Surgipath, Richmond, IL, USA) for 40 minutes, and
allowed to dry overnight. Before use in any staining procedures, slides were cleared of dried
fixative by immersion in ethanol for 20 minutes at room temperature followed by thorough air-

drying. H460 slides were made by fixing a cell suspension (via trypsinization) of 4x10* cells/mL
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in 10% buffered formalin for 10 minutes at room temperature. 250 pL of this suspension was

cytospun directly to each slide.

Cell lines were chosen for convenience and because HL-60 slides prepared as described
were used routinely in our laboratory as a control for batch-to-batch variation in Feulgen-thionin
staining. Staining of cell lines was used to optimize staining and imaging protocols only and no

attempt was made to glean information about cancer biology from these results.

3.2.2 Patient samples

Specimens collected from forty-nine cervical cytology brushings representing a range of
dysplastic grades from a previous study (152) were used in this work. Approval was granted by
the Internal Review Boards at M. D. Anderson Cancer Center, the University of Texas Health
Science Center, the Lyndon Baines Johnson Hospital Health District, British Columbia Cancer
Agency (BCCA), and the University of British Columbia. In the previous study, brushings were
collected and fixed in PreservCyt (Hologic Inc, Bedford, MA, USA) and used to generate slides
using the ThinPrep method (Hologic Inc). The residual material was stored at 1°C in a cold room
before being used for the present study. As many of the vials contained pieces of tissue and other
debris that might confound cytological analysis, the specimens were vortexed and allowed to
settle for 15 minutes on ice before use. Samples were taken from the supernatant, post-fixed 10
minutes at room temperature with 10% buffered formalin, and cytospun on to new slides in
duplicate. Within a day, one slide was stained with Feulgen-thionin only as a control, while the

other was double stained.

3.2.3 Immunocytochemistry
Concentrate buffer solutions for antigen retrieval (pH 6 and 9) were obtained from Vector

Laboratories (Burlingame, CA, USA) and used at 1:100 dilution. Bovine serum albumin (BSA),
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SIGMAFAST™ 3,3’-diaminobenzidine (DAB) chromogen tablets, and HRP-conjugated rabbit
anti-mouse secondary antibody were obtained from Sigma-Aldrich Canada. Anti-Ki-67
monoclonal antibody (clone MIB-1) and serum-free protein block were purchased from Dako
Canada (Mississauga, ON, Canada). All antibodies were diluted in 1% BSA in phosphate-

buffered saline (PBS) just prior to use.

Antigen retrieval (AR) was performed using the microwave method, followed by cooling
for 20 minutes. For patient samples, pH 9 buffer was used for 22.5 minutes, consistent with the
vendor’s recommendations for the anti-Ki-67 primary antibody; various conditions were tried in
the optimization experiments with cell lines. Blocking steps were 15 minutes with 3% v/v H,O,
in methanol for endogenous peroxidase, 5 minutes with 1% BSA and 0.1% Triton® X-100 in
PBS for permeabilization, and 30 minutes with protein block for non-specific binding. Antibody
incubations were one hour at room temperature for primary and 30 minutes for secondary (diluted
1:800), followed by 7 minutes with the DAB chromogen solution. After a thorough rinse, slides
were dehydrated through graded alcohols, cleared in xylene, and coverslipped with Cytoseal™

mounting medium (Fisher Scientific Canada, Ottawa, ON, Canada).

3.2.4 Thionin staining

Thionin acetate powder was obtained from Sigma-Aldrich. All solutions required for
thionin staining were prepared the day before use. To make approximately 250 mL of the thionin
staining solution, 0.125 g thionin was added to 110 mL deionized water and boiled for 5 minutes.
After cooling to room temperature, 32.5 mL 1 N hydrochloric acid, 110 mL tert-butanol, and
2.175 g sodium bisulphite were added. The mixture was stirred for one hour, allowed to stand

overnight, and filtered immediately prior to use.

69



All steps were performed at 23-24°C inside a temperature-controlled water bath. All steps
were separated by thorough deionized water washes. The slides were post-fixed in B6hm-
Sprenger fixative (methanol, formalin, and acetic acid, in a 16:3:1 volume ratio) for one hour,
hydrolyzed for one hour in 5 N hydrochloric acid, immersed in the thionin staining solution for
one hour, and rinsed thrice in a bisulphite rinse solution (0.5% sodium bisulphite (w/v) in 0.05 N
hydrochloric acid), each separated by water rinses. After a final thorough wash, the slides were
dehydrated through three changes of ethanol, 30 seconds each, cleared in xylene, and
coverslipped before imaging. The hydrolysis period was varied in some experiments, so when
multiple slides were stained on the same run with different hydrolysis times, the slides with the
longest hydrolysis time were started first, with the other slides joining in such a manner that the
hydrolysis period for all slides ended together. All thionin staining runs included at least one HL-
60 slide that was to be stained with only thionin and hydrolyzed for 60 minutes to act as a run

control.

3.2.5 Double staining with thionin and immunocytochemistry

When immunocytochemistry (ICC) was performed first, the procedure for
immunostaining was followed as above and the slides were left overnight fully coverslipped. The
following day, the slides were decoverslipped in xylene and rehydrated through graded alcohols,

ending in several water washes before proceeding with the thionin staining.

When thionin staining was performed before ICC, the thionin procedure was followed as
described up to the final rinse before dehydration with ethanol. The slides were then placed in
PBS overnight. The slides were rinsed briefly with deionized water before performing

immunocytochemistry.
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The majority of the double staining of patient samples was done over 3 batches, each

comprising a mix of dysplastic grades and control slides.

3.2.6 Imaging and analysis

Thionin-stained cells were imaged and analyzed using the automated Cyto-Savant™
image cytometer (Oncometrics Inc, Vancouver, Canada) (186, 192). The system was
programmed to collect a random sampling of about 7000-10000 cells. All objects were subjected
to a classification tree to sort objects into different classes; the only class of objects used in our
analysis are the epithelial cells (243). As the Feulgen-thionin stain is stoichiometric for DNA,
DNA content is proportional to the integrated optical density (IOD) of the cell. Each cell’s ploidy
status was assessed by normalizing the cell’s IOD against the mean IOD of the sample’s diploid
cell population, as determined from a frequency histogram of the nuclear IODs (241). Diploid

cells were assigned a DNA index of 1.0, alternatively denoted 2c.

For double-stained slides, imaging was performed after thionin staining. As the imaging
system was monochrome, there was no way of determining a cell’s immunostaining status
directly from the system’s output. However, cells could be manually revisited under the
microscope by selecting them from the image gallery of cells automatically collected, allowing a
human operator to manually assess each cell’s immunocytochemical staining status. Hence, Ki-
67-positive cells must be captured by the cytometer in order for them to be counted in our

analysis.
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3.3 Results

As this work used residual specimens, summary data on the study population have
previously been published (152). Moreover, the results from previously performed ploidy
analyses, the cytological and histological diagnoses, and the HPV test results were all available.
A subset of 49 specimens was selected from this set (Table 3.1). Using moderate dysplasia and
worse as the threshold for defining a high-grade lesion, the study samples were from 29 low-
grade (LGSIL) or negative and 20 high-grade dysplasia cases (HGSIL), as determined previously
by histopathology (152). HPV status had previously been determined by the Hybrid Capture 11
(HC II) test (152) and those positive for both low-risk and high-risk strains were counted as high-

risk for the purpose of this study.

Cytology Histology

Negative Atypia/HPV LGSIL/CIN1 HGSIL/CIN2+ Total
Negative/atypia 7 11 1 5 24
LGSIL 0 0 2 6 8
HGSIL 0 0 5 8 13
No diagnosis 0 3 0 1 4
Total 7 14 8 20 49

Table 3.1: Patient specimens classified by conventional cytology and histopathology. Highlighting and
italicized font denote those cases classified as positive for high-grade cervical dysplasia. All others were
treated as negative.
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3.3.1 Destaining of thionin by antigen retrieval

It was quickly discovered that heat-mediated antigen retrieval would destain thionin
stained samples. Alternatively, the images and coordinates of the thionin stained cells could be
stored on a computer before performing ICC. The ICC staining could then be matched up with
the stored thionin data. However, even 15 minutes of Feulgen hydrolysis was sufficient to render
the Ki-67 antigen undetectable by ICC. Hence, it was determined that thionin staining must

follow immunocytochemical staining.

3.3.2 Reduction of thionin staining intensity after immunocytochemical

staining due to antigen retrieval

In our hands, the MIB-1 monoclonal antibody used to detect Ki-67 required antigen
retrieval. Omitting this step consistently resulted in a complete abrogation of staining. Initial tests
of thionin staining following immunocytochemistry revealed that while double staining was
attainable (Figure 3.1), there was a significant reduction in thionin staining intensity compared to

thionin staining alone, as reflected in the mean IOD of the diploid histogram peak.

73



Figure 3.1: Successful double staining of HL-60 cells. Staining for anti-Ki-67 immunocytochemistry is
brown and Feulgen-thionin for DNA is blue. Compared with regular thionin-only staining, however,
thionin intensity was noticeably weaker and reaction conditions needed to be re-optimized. Antibodies
were diluted 1:100, antigen retrieval conditions were 10.5 minutes in pH 6 citrate buffer, and the
microscope image was obtained under 40X objective.

To determine whether this was due to the antigen retrieval step, a series of slides was
tested in which immunocytochemistry was stopped at various steps in the protocol before thionin
staining. Figure 3.2 shows that the greatest reduction in thionin staining intensity occurred after
antigen retrieval and that subsequent immunocytochemical steps did not significantly alter the
intensity of thionin staining beyond this initial reduction. We have also observed qualitatively
weaker nuclear staining/fluorescence with hematoxylin or 4',6-diamidino-2-phenylindole (DAPI),

both of which bind to DNA, after any procedures involving antigen retrieval.
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Figure 3.2: Aborted double staining test. HL-60 slides were treated first with an aborted ICC protocol, then
placed into PBS after the step indicated. Slides were then subjected to Feulgen-thionin staining the next
day. Control slide had no ICC steps performed whatsoever. Two slides were stopped after antigen retrieval,
but were hydrolyzed for different durations during Feulgen staining, as indicated. All other Feulgen-stained
slides were hydrolyzed for 20 minutes. Antibodies were diluted 1:100 and antigen retrieval conditions were
10.5 minutes in pH6 citrate buffer. In cultured HL-60 slides, the Ki-67 positivity rate is too low to
significantly alter IOD means and coefficients of variation. Error bars show standard deviations.

3.3.3 Optimization of hydrolysis time

As antigen retrieval is required for MIB-1 staining, attempts were made to minimize its
impact on thionin stain intensity by altering the hydrolysis time in the Feulgen-thionin staining
procedure. A series of slides was treated with a mock immunocytochemical stain followed by
Feulgen-thionin with various hydrolysis times, from 0 to 80 minutes, in 10-minute intervals. The
primary antibody was replaced with just the diluent, ensuring that no immunostained cells would
confound the automated imaging analysis. The DNA histograms were plotted and we sought to
maximize the mean DNA amount of the diploid peak while minimizing the corresponding

coefficient of variation (CV). There was some variability between runs, with optimal hydrolysis
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times ranging between 20 and 40 minutes. For patient samples, 40 minutes was used as it was

found to be the most consistent.

3.3.4 Image cytometry

DNA histograms of thionin-only HL-60 slides typically had a diploid peak around 130-
150 units with a CV of 2-4%. Histogram bins were 5 units wide. Diploid and tetraploid peaks
were considered to consist of all bins within approximately 2.5 standard deviations of the

corresponding mean.

Even after optimization, the reduction in thionin staining intensity due to ICC persisted.
Double-stained cells in the patient samples had diploid nuclear IODs averaging 56% of the
corresponding HL-60 thionin-only staining control, while the thionin-only patient slides averaged
89%. In other words, after using thionin-only HL-60 slides to adjust for batch-to-batch variations
in staining intensity, the double-stained slides averaged IODs of only 63% of those seen in
thionin-only patient slides. As well, CVs were wider, as double-stained slides with more than 50
imaged cells showed a median CV of 11.8% (range 7.3%-25%), compared to a median CV of
4.3% (range 2.8%-11.7%) for thionin-only slides. For comparison, the corresponding ThinPrep
slides prepared from these samples for the previous study had a median CV of 4.3% (range 2.7%-
12.2%). Figure 3.3 shows a typical DNA histogram of Ki-67-negative cells from a patient who

was negative for dysplasia.

76



Ohject Count: 281

50 o

CV. 1662
45
40
35
30
2%
20

15

10

2.0 2.5 3.0 3.5 4.0 4.5 5.0

DIN&_Initex

Figure 3.3: A typical DNA histogram of Ki-67-negative cells taken from a patient who was negative for
dysplasia. Double staining was used to identify and remove Ki-67-positive cells. Cells were binned
according to DNA index, where a value of 1.0 corresponds to the mean of the diploid peak.

3.3.5 Cervical cytology samples

Due to the weaker thionin staining after ICC, a lot fewer imaged cells were kept as they
were too faint to be recognized as cells. In order to preserve statistical significance, a minimum
cell count threshold of 50 was set for all patient slides. This resulted in about 12% of double-

stained slides being excluded, while none of the thionin-only slides were excluded.

To assess the ability of double staining to detect the HGSIL, patients were classified
based on diagnostic data from their prior study involvement. In that study, patients had
conventional cytology and histopathological diagnoses of colposcopically directed biopsy. Based

on these two diagnoses, presence of moderate dysplasia or worse in either defined the patient as
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positive for high-grade dysplasia (HGSIL). This is the same criterion for treatment at the BCCA.
Patients with other observed dysplasias were considered LGSIL, while those without dysplasia

were classified as normal.

A critical test of the double staining method was whether the proportion of non-diploid
cells became a better indicator of high-grade dysplasia once double staining was used to remove
proliferating cells. In double-stained samples for the analyses described in this section, only Ki-
67-negative cells were considered. The diploid-exceeding rate is calculated by dividing the
number of cells with greater than diploid DNA content (i.e., >2.5 standard deviations above the
diploid mean) by the number of all Ki-67-negative cells. In the thionin-only samples, the diploid-
exceeding rate was determined from all imaged cells. Using the definition of high-grade dysplasia
given above, receiver operating characteristic (ROC) curves for both these analyses could be
constructed. Figure 3.4 shows that the two analyses gave similar results, with areas under the
curve (AUC) of 0.73 and 0.74 (approximated by trapezoidal rule) for double-stained and thionin-

only, respectively.
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Figure 3.4: ROC curve of the performance of the diploid-exceeding rate in detecting high-grade cervical
dysplasias (as defined in the text). AUCs were 0.73 and 0.74 (trapezoidal rule) for double-stained and

thionin-only cytospins, respectively.

In addition to comparing double staining with thionin staining alone, one can also
consider using Ki-67 alone as a potential marker for high-grade dysplasia. The Ki-67-positivity
rate for the sample was determined by dividing the number of Ki-67 cells imaged by the total of
all cells imaged (Ki-67 positive and negative) in a slide. Figure 3.5 shows that using Ki-67-
positivity rate alone performs slightly worse than double staining at detecting high-grade

dysplasias, with an AUC of 0.71.
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Figure 3.5: ROC curve comparing the use of Ki-67-positivity rate and double staining for detecting high-
grade cervical dysplasias. Double staining performed better, with an AUC of 0.73, compared to 0.67 for

Ki-67 alone.

A common approach to using ploidy measurements for cancer detection is to count the
number of 5¢ exceeding cells. Due to the significant variation in the number of cells on each
slide, the percentage of imaged cells with DNA content exceeding 5¢ (ScER) was used instead. In
an analysis of the subset of our previously published results (152) corresponding to the samples in
the present study, at a ScER cutoff of 0.2%, sensitivity and specificity were 52% and 92%,
roughly in line with our previously reported results where at least five 5S¢ exceeding cells was
used as a threshold (Table 4 in Guillaud et a/ (152)). The thionin-only cytospins only had about

60% as many imaged cells per slide (median of 2032 versus 3373 for ThinPrep), resulting in a
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reduced sensitivity and specificity of 56% and 83%, respectively, when using either a ScER
cutoff of 0.02% or at least one Sc exceeding cell to be considered positive. For the double-stained
slides, however, a threshold of at least one Ki-67-negative 5c exceeding cell produced a very low
sensitivity of 23% (95% specificity), likely because of the low cell count (median of 254 Ki-67-
negative imaged cells, ranging from 1-2440). With 250 imaged cells per slide, a ScER of 0.2%

(i.e., the ThinPrep threshold) would be equivalent to half a 5S¢ exceeding cell per slide.

Another approach to analyzing the ploidy data is to assess the discriminating ability of
the frequency of cells falling within a series of DNA index ranges. The ranges considered were
1.3-1.6, 1.6-1.85, and 1.85-2.15. In all cases, ROC curves for the thionin-only cytospins had
AUCs between 0.7-0.8, while double staining performed noticeably worse. Double staining
performed best in the near-tetraploid 1.85-2.15 range, with an AUC of 0.65. Double-stained
slides typically had very few cells in this range (maximum 12). Raising the minimum imaged Ki-
67-negative cells per slide threshold for inclusion in this analysis to 150 improves the AUC for
the 1.85-2.15 DNA index range to 0.79, virtually identical to thionin-only staining, but at a cost

of excluding over 30% of the samples due to inadequate cell count.

3.4 Discussion

Automated image cytometry has demonstrated utility for early detection of various
cancers (136, 148, 151, 153, 237, 269, 270). Our group had previously shown that ploidy analysis
using Feulgen-thionin staining performs comparably with conventional cytology and HPV testing
for detecting cervical high-grade lesions (152). However, as the ever-changing amount of DNA

present within the nucleus of a normal cycling cell might confound a ploidy-based analysis, we
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sought to determine if double staining with an additional proliferation marker might improve the

use of ploidy in detecting high-grade cervical dysplasias.

A previous attempt at Feulgen/Ki-67 double staining used the Feulgen stain as a low-
background nuclear counterstain to quantify Ki-67 labelling (271). However, the present study
attempts to exploit the quantitative nature of the Feulgen reaction. This was the approach of Oud
et al, who used an alkaline phosphatase detection of Ki-67 with the proprietary chromogen CAS
Red (272). Their analysis was restricted to cell lines, while we applied this technique to patient
samples to see if it would improve the clinical utility of ploidy analysis. Fleskens et al applied
double staining to paraffin sections of oral dysplasias (273), although not in a screening or early
detection setting. However, as even the authors themselves point out, direct ploidy analysis of
tissue sections remains highly controversial, with studies arguing both for and against it, as it

must contend with nuclear truncation and overlap (273).

3.4.1 A procedure for optimizing double staining conditions

Our results show that any attempt to double stain with Feulgen-thionin and an
immunocytochemical marker must start with the ICC. The harsh conditions of microwave-
induced antigen retrieval destained thionin and even a short period of acid hydrolysis as part of

Feulgen-thionin staining rendered the Ki-67 antigen undetectable by ICC.

Contrary to the observations of Oud ef a/ (272), we found that combining
immunocytochemical staining with Feulgen-thionin had a significant impact on the intensity of
thionin staining. Evidence suggests this is due to our use of antigen retrieval and we further
observe that Oud and colleagues did not mention any use of antigen retrieval in their report.
(While both Kolles et al (271) and Fleskens et al (273) reported using antigen retrieval, neither

group attempted to compare Feulgen stain intensity with and without ICC.) As Feulgen staining
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involves exposing a cell sample to an acid to hydrolyze off purine bases of DNA to generate
reactive sites for the thionin stain (143, 144), Feulgen staining intensity might be impacted by any
reactions that might also result in hydrolysis of DNA. Antigen retrieval, especially when
mediated by heat, is hypothesized to work at least partly through hydrolysis (224). Optimization
of thionin staining involves balancing the creation of more abasic reactive sites against the
destruction of the DNA backbone (where the shorter segments can be lost to diffusion) using
longer and more potent hydrolysis reactions (143, 144). It appears antigen retrieval both disrupts
this balance and permanently reduces the quantity of DNA available for Feulgen reaction by

destroying some of the DNA backbone.

As many antibodies available today require some form of antigen retrieval, our
experiences with double staining with MIB-1 might enable countless scientific questions to be
answered by simultaneously staining with Feulgen-thionin and any immunostain requiring
antigen retrieval. Future investigations may consider, for example, the biological mechanisms by
which premalignant cells become aneuploid and the consequences of such transformations. By
understanding such mechanisms, biomarkers and interventions may yet be developed that target

such abnormalities to help detect or even treat precancerous changes even earlier.

In order to successfully double stain a cytological sample, one must optimize a series of
parameters in a specific order. First, immunocytochemical staining conditions must be optimized,
with special attention given to antigen retrieval. The mildest form of antigen retrieval required to
get an acceptable level of staining should be chosen. Second, Feulgen hydrolysis conditions must
be optimized to account for the effects of the antigen retrieval method selected in the first step.
This is best achieved by subjecting a series of slides to double staining with mock ICC and
various Feulgen acid hydrolysis conditions. Antigen retrieval will generally lead to shorter

optimal hydrolysis times and reduced overall Feulgen staining intensity. Finally, imaging and

83



analysis protocols may need to be optimized to handle the lower intensities expected with double-

stained samples.

3.4.2 Ability to discriminate HGSIL and LGSIL samples

Double staining was found to match thionin staining alone in its ability to discriminate
between high- and low-grade cervical dysplasias (Figure 3.4). In the high-specificity operating
range, where HPV testing has typically not fared as well, double staining performs better than
thionin alone on cytospins, but Fisher’s exact test showed the sensitivities were not statistically
significant at 90% specificity (one-tailed, P = 0.26). At this specificity, for the samples available,
a test with twice the sensitivity of thionin alone (64% versus 32%) would be statistically
distinguishable (P = 0.03). Overall, though, double staining failed to show any significant
improvement. This is likely due to the low percentages of both Ki-67-positive cells and non-
diploid cells in our samples. The median Ki-67-positivity rate across the sample set was 0.4%,
while the median rate of cells with greater than diploid DNA content was 3.2%. This meant that
even if the Ki-67 staining was contributing information that would allow us to better discriminate
between high- and low-grade dysplasias, the effect was so small that it could not be detected with

the sample sizes utilized.

A low Ki-67-positivity rate is expected for many low-grade dysplasias (261, 274, 275).
Moreover, cytological specimens are preferentially sampled from the uppermost layers of the
epithelium, where proliferation rates are generally substantially lower than in more basal cell
layers, except for cancers and the most severe dysplasias (274). Sahebali et a/, using Ki-67
immunostaining on cervical cytology, found only about 0.35% average Ki-67 positivity in high-
grade squamous intraepithelial lesions (261). This is an even lower rate than we observed,

underscoring one of the challenges of using these rare cells to improve cancer detection.
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Double staining outperformed Ki-67 staining alone in detecting high-grade dysplasias.
However, this analysis of Ki-67 staining is far from perfect, hampered by the inherent low rate of
Ki-67 staining and our system’s inability to image every individual cell. While these results show
promise that double staining is an improvement over Ki-67 staining alone, more work and

perhaps an improved imaging system will be needed to show this conclusively.

Any cervical cancer screening technologies are invariably compared to HPV testing.
Within our sample set, using the presence of high-risk strains of HPV as the criterion for
positivity, HC II testing was found to have a 92% sensitivity and 79% specificity, which is
similar to the result previously reported for the full sample population from which our set was
derived (152). This is considerably better than double staining (Figure 3.4) or thionin-only among

this sample set.

Although double staining with thionin and anti-Ki-67 immunocytochemistry does not
appear to be an improvement over regular thionin staining for the identification of high-grade
dysplasias, our results suggest that double staining is a feasible assay that could be extended to
other immunocytochemical stains that might demonstrate a greater improvement when paired
with thionin. Perhaps some or most of the dysplastic cells are stuck at check points within the
non-resting phases of the cell cycle (i.e., not in Gy) and are therefore seen as cycling cells. A
more specific marker for S phase cells (e.g., proliferating cell nuclear antigen or cyclin A) or
mitotic cells (e.g., phosphohistone-H3 (276)) might be better in this case, although the increased
specificity of the immunostain would require a higher sample cellularity in order to observe any
improvement in the ability to discriminate between high- and low-grade dysplasias. Alternatively,
ploidy analysis has been shown to complement high-risk HPV testing done in parallel (277), but a
double stain approach might prove even more beneficial. Another potential application of double

staining could be to restore some of the tissue architectural information that is lost when
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collecting cytology specimens. An immunostain could be used, for example, to label only basal

epithelial cells, enabling a ploidy analysis on a defined subset of the epithelial cells.

3.4.3 Limitations of double staining

While adding anti-Ki-67 ICC does not appear to improve ploidy’s ability to separate
high- and low-grade dysplasias over thionin staining alone in cervical dysplasia cytology
specimens, double staining remains an intriguing approach to improving ploidy analysis as a
screening technique. Double staining with Feulgen-thionin and ICC offers a new approach to
studying mechanisms of aneuploidy and possibly novel biomarkers for precancerous changes, but

our investigations have revealed several important caveats.

The chromogen we used for ICC was DAB, which is known for its insolubility and
general lack of chemical reactivity. Its ubiquity and the ability to perform Feulgen-thionin
staining on slides previously stained with hematoxylin and eosin (278) or Pap stain (162) raise the
possibility that previously immunostained specimens might be retrospectively stained with
Feulgen-thionin. However, care must be taken when analyzing the results as the Feulgen-thionin
stain reacts with deposited DAB stain. To demonstrate this, DAB substrate solution was reacted
with HRP-conjugated secondary antibody and allowed to settle and air dry completely, creating a
sample of DAB chromogen free of cellular material and any other compounds that might cross-
react with Feulgen-thionin staining. After going through the Feulgen-thionin staining procedure,
the patch of DAB chromogen demonstrated the colour change characteristic of a reaction with
thionin. This was further confirmed via microspectrophotometry, a technique that enables the
measurement of absorbance spectra of localized areas of microscopic samples (279), as shown in

Figure 3.6.
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Figure 3.6: Microspectrophotometry data measured from spots of oxidized DAB chromogen deposited on
a slide, before and after thionin staining, compared with thionin-stained HL-60 nuclei. Even in the absence
of cells, deposited DAB chromogen reacts with thionin, giving a characteristic shoulder in the
microspectra.

Analysis of double-stained specimens with DAB as the ICC chromogen should therefore
be limited to DAB-negative cells. The present analysis fits this requirement, but with the
expanding use of colour image analysis, quantitation of the double-stained cells may in future
become a technical possibility. If analysis of ploidy of immunostain-positive cells is desired, an
alternative chromogen should be sought. A washable chromogen could be used as per Fleskens et
al (273), but that would require ensuring that every immunostain-positive cell is imaged.
Although considered beyond the capabilities of our present system, this type of analysis should be

possible with whole slide scanners becoming available for clinical digital pathology (280-282).

Double staining also comes with a significant cost. In addition to the time and reagents
required to process the samples, the antigen retrieval of ICC significantly widens histogram peaks

while reducing the intensity of the thionin stain, making it technically more challenging to ensure
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accurate and reproducible results in quantitative imaging. The diploid peaks in double staining
histograms had larger CVs than typical DNA measurements made by flow or standard image
cytometry, but are superior to DNA cytometry measurements of tissue sections (273). Even with
10% CVs, cells with DNA indices greater than 1.25 can still be classified as non-diploid with
some confidence, an observation that we had hoped would improve the sensitivity and specificity
of ploidy-based detection of high-grade dysplasias. Chromosomal mutations may have given rise
to an aneuploid stemline, for example, which manifests itself as a distinct population of mostly
Ki-67-negative cells with DNA indices between diploid and tetraploid. Unfortunately, the
observed scarcity of cells with DNA indices between 1.25 and 2.5, combined with the reduction
in imaged cells per sample as a result of double staining, meant that even if double staining were
an improvement, it could not be observed under the present conditions. It might be possible to

improve this through the use of more cellular fresh samples.

The fainter Feulgen staining resulting from double staining could be addressed by
adjusting the imaging settings. Nevertheless, sampling will undoubtedly be biased in favour of
cells with more intense staining, so care must be taken in interpreting and comparing the results.
By studying whether the entire double staining analysis would be superior to Feulgen-thionin
staining alone, this bias becomes embedded into the reported sensitivities and specificities and
does not need to be separately controlled. However, one must be careful not to assume that the
Ki-67 positivity “rates” or proportions of aneuploid cells, for example, are absolute and
comparable between single stain and double stain procedures. Due to the imaging bias, this is not
necessarily the case, so the “rates” are more like scores that correlate with the underlying real

rates.

Moreover, in a cancer screening setting, the diagnostic dysplastic cells are quite rare

(typically only a few, if any, are observed per sample) (147, 151, 154). Cytological methods are
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attractive for cancer screening because they do not rely on the physician knowing the precise
location of a suspected lesion, thereby theoretically allowing greater sensitivity over biopsy or
direct visualization-based methods. However, as cytological specimens represent an averaging of
both diseased and normal cells, detecting the rare dysplastic cells can be quite difficult, a situation
that is compounded by the weaker double stain that might lead many cells to be missed by the

imaging system.

3.5 Conclusion

Future investigations into other [CC markers to be paired with Feulgen-thionin staining
for screening or diagnostic purposes will need to show statistically significant improvement at
distinguishing cases of different severities to justify the added costs of double staining. While
combining Ki-67 with ploidy analysis did not show a statistically significant benefit, an improved
sensitivity trend was seen in the high-specificity range of the ROC result. Meanwhile, a protocol
has been demonstrated that can be used for countless other ICC markers. Unlike prior attempts at
combining ICC with Feulgen staining, we have considered the effects of antigen retrieval, thus
expanding the universe of ICC markers that might be suitable for combination with Feulgen-
thionin staining. As long as a suitable ICC marker is chosen and proper care is taken in the
analysis of double staining data, it seems that combining ICC with Feulgen-thionin staining could

prove advantageous.

89



4 Microarray Analysis of Microdissected Molecular

Fixative Cervical Dysplasias: Technical Aspects

While double staining with thionin and anti-Ki-67 immunocytochemistry failed to show
significant clinical improvement over thionin staining alone, double staining as a technique
appears to be feasible and potentially applicable to a wide range of markers. Ploidy analysis is
already being used as a cervical cancer screening test in China and double staining using another
marker in place of Ki-67 might one day prove to be a clinically significant improvement. To

achieve this goal, however, novel biomarkers for cervical cancer will likely be needed.

Normal human cervical squamous epithelium consists of a differentiating continuum of
cell layers. It is hypothesized that the basal layer consists of stem cells and that as cells mature
and differentiate they migrate towards the surface. Hence, cells in different layers of the
epithelium are expected to express different genes. Carcinogenesis is a long, multi-step process
that upsets this regulated program of cell maturation. By studying differences in expression
between cervical epithelial layers across various grades of cervical intraepithelial neoplasia

(CIN), we seek to explore the molecular basis of the carcinogenic process.

One approach to studying genome-wide expression is to use oligonucleotide microarrays
(205). While such analyses have been applied to cervical cancer in the past, such studies have
typically compared invasive cancer to normal controls (283-288), ignoring any changes that
might be occurring during the carcinogenic process through the various grades of dysplasia. Even
when CIN is studied, such studies tend to treat the entire epithelium as one homogeneous whole
(289-293), ignoring subtle differences in expression between epithelial layers that might be
playing a crucial role in carcinogenesis and that do play a significant role in the pathological

identification of the different grades of CIN. Microarray analysis of microdissected samples of
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CIN layers, then, might offer a novel approach to understanding the early genetic changes

underpinning carcinogenesis in cervical squamous epithelium.

An improved understanding of the biology will hopefully lead to better biomarkers for
detecting CIN at highest risk of progression and perhaps even identify targets for early
intervention. Furthermore, cytology specimens are preferentially sampled from the upper half of
the epithelium, so targets/alterations that reside in the upper half are likely to be of particular

interest from a screening perspective.

4.1 Molecular fixative

Advances in molecular biology have greatly improved our understanding of biological
systems. Despite the wealth of cell lines, animal models, and other model systems, there remains
no true substitute for clinical specimens to probe the molecular mechanisms underpinning human

health and disease.

Once collected, specimens must be fixed to preserve them in a state as close to their
native state as possible and to prevent tissue response to removal/wounding and further decay.
Two commonly used fixation techniques in clinical settings are immersion in formalin solution
and freezing. Formalin fixation is considered the gold standard for clinical diagnosis. Formalin-
fixed samples are embedded in paraffin (FFPE) and the resulting block is sectioned on to glass
slides. These are then stained with hematoxylin and eosin and interpreted by a pathologist.
Formalin fixation preserves the tissue and cellular morphology that pathologists rely upon to
make their diagnoses, while maintaining the immunoreactivity of many antigens. Consequently,
there is increasing interest in extracting biomolecules from archival FFPE samples in clinical
laboratories around the world for molecular studies. However, formalin fixation can be quite
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damaging to many of the biomolecules of interest to molecular biologists. Damage to proteins,
DNA, and especially RNA caused by formalin has been well-documented (220, 294-296),
including chemical cross-linking of proteins and fragmentation and covalent modifications of
nucleic acids (297). In contrast, freezing specimens preserves biomolecules better, but affects the
morphology, limiting the use of frozen specimens for diagnostic purposes (298). Moreover,
freezing must be done immediately, as any delay will result in biochemical changes in the tissue.
In order to align molecular analyses with clinical diagnoses, researchers have typically collected

adjacent specimens, fixing one in formalin and freezing the other.

The observation that a high-concentration aqueous sulphate solution precipitated out
RNases at room temperature led to the development of RNA/ater (originally marketed by
Ambion, now part of Life Technologies, Carlsbad, CA, USA) (298, 299). RNA/ater was found to
effectively preserve RNA, allowing samples to be processed at a different place and time from
collection (299, 300). Unfortunately, RNAl/ater alone resulted in uneven immunohistochemical
staining and preserved noticeably less of the finer structural details compared to formalin (301).
This could be improved by post-fixing with formalin, but formalin is known to damage RNA

(297, 302).

More recently, alcohol-based molecular fixatives have been introduced that aim to
combine the best attributes of formalin and freezing (298, 303-305). Samples are processed in a
manner similar to formalin, including embedding in paraffin and subsequent sectioning to glass
slides. However, preservation of biomolecules is decidedly superior to that of formalin (306,
307). Moreover, clinical diagnosis and molecular analysis can now be performed from the same
sample block. While molecular fixatives have been tested on a number of human tissue types,
little is known about their effect on cervical tissue. Successes reported for other tissue types

suggest that molecular fixative will preserve biomolecules while maintaining morphological
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features necessary for clinical diagnosis in cervical specimens. The improved preservation of
biomolecules should enable the use of molecular fixative preserved paraffin-embedded (MFPE)

cervical samples for microdissection and subsequent microarray analysis.

4.2 Materials and methods

4.21 Samples

Thirty cervical biopsies were fixed and frozen for long-term storage at -80°C in
RNAlater (Life Technologies, Burlington, ON, Canada) as part of a previous study (308, 309), as
previously described. The samples were collected from patients with various grades of cervical
dysplasia. The majority were CIN II or III, with 3 carcinomas in sifu, 3 metaplasias, one reactive

atypia, and one negative for dysplasia.

Seven recently collected biopsies from patients about to undergo loop electrosurgical
excision procedure (LEEP) were rapidly (all within 15 minutes, typically within 5 minutes) fixed
in Tissue-Tek® Xpress® Molecular Fixative (Sakura Finetek, Torrance, CA, USA) and
embedded in paraffin (MFPE). Except where otherwise noted, all references to molecular fixative
and MFPE in this thesis refer to this one from Sakura Finetek. The samples were collected
primarily from patients with CIN II or CIN III, but the actual regions collected had a range of
histopathological grades ranging from normal to CIN III. In this study, all regions with
histopathological grades of CIN II or worse will be considered high-grade and all others will be
low-grade. Approval was granted by the Research Ethics Boards of the BC Cancer Agency and

The University of British Columbia. Written informed consent was obtained from all participants.

93



4.2.2 Sample preparation

Frozen samples were rinsed with cold phosphate-buffered saline to remove RNA/ater
before embedding in ice-cold O.C.T. embedding medium (Sakura Finetek). Sectioning was
performed on a -20°C cryostat. For laser microdissection, 40 sections were cut at 6 um each to
membrane slides designed for use with the microdissection machine. Slides were fixed overnight
in 100% ethanol at -20°C, removed from ethanol, and then stored at -80°C with a thin film of
residual alcohol. For manual microdissection, 80 sections of 10 um each were cut on to glass
slides. Slides were treated with RNA/later, dehydrated through graded alcohols, then air dried
before storage at -80°C. In both cases, for about every ten slides generated, one section was
mounted on to a regular glass slide, fixed with formalin, and stained with hematoxylin and eosin

for reference.

Molecular fixative samples were handled like routine formalin-fixed paraffin-embedded
blocks. They were cut at 8 um, 4 sections per slide, and deparaffinized before use. 100 sections
per block were cut, with reference slides cut about every 20 sections and stained with

hematoxylin and eosin.

4.2.3 Microdissection

The hematoxylin and eosin-stained reference slides were scanned using a whole slide
imager (Pannoramic MIDI, 3DHistech, Budapest, Hungary). Using the digital images, the study
pathologist (Dr. Dirk van Niekerk) graded and circled all the regions of abnormality. This

information was used to guide the microdissection of the adjacent unstained sections.

Laser-assisted microdissection involved lightly staining the sample with hematoxylin
before mounting it on the microdissection machine. The Molecular Machines and Industries

CellCut (Haslett, MI, USA) was equipped with an ultraviolet laser that cut the tissue and its
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associated membrane around the region of interest. Once the desired region was dislodged, it was
collected into a microcentrifuge tube, where it was vortexed with TRIzol reagent (Life
Technologies). The epithelium was cut into three roughly equal thickness layers: outer,
intermediate, and basal. In addition to the epithelial layers, the leftover tissue (consisting
primarily of stromal tissue) was collected in a separate set of tubes. All the tubes from each layer
were then pooled together to yield one tube per layer. Laser microdissection was only tested on
frozen samples because, as discussed below, manual microdissection was found to be more

promising.

Manual microdissection was performed at room temperature using a needle and a
dissecting microscope. The dewaxed slides were kept on dry ice until just before microdissection.
The collected sample was transferred to a tube of TRIzol (for frozen samples) or Buffer PKD (for
MFPE samples, this is a component of the QTAGEN RNeasy FFPE Kit used for RNA
purification, see below). As the manual method is considerably less precise than the laser method,
we only collected two layers: top (superficial) half and bottom (basal) half. For frozen samples,
the remaining tissue was scraped off with a razor blade and processed as “stroma.” For MFPE
samples, the actual stroma underlying the collected epithelium was selectively scraped off as a

separate layer. Separate needles were used for each layer of each sample.

4.2.4 RNA extraction and purification

RNA from the frozen samples was extracted using the TRIzol method. RNA was then
purified by DNase I treatment, followed by a phenol-chloroform extraction. RNA from molecular
fixative samples was purified using the QIAGEN RNeasy FFPE Kit (Toronto, ON, Canada).
RNA amount and purity were assessed using NanoDrop (Thermo Scientific, Wilmington, DE,
USA), while degradation was assessed by 1% agarose gel electrophoresis or Agilent Bioanalyzer

(Mississauga, ON, Canada) assay of the sample with the most RNA in a batch.
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4.2.5 Microarrays

RNA was amplified and labelled using Agilent Quick Amp Labeling kit (laser
microdissected) or Agilent Low Input Quick Amp Labeling kit (manually microdissected).
Labelled cRNA yield and quality was assessed according to the instructions provided by Agilent.
Expression analysis on successfully labelled samples was performed using the Agilent Whole
Human Gene Expression Microarray Kit, 4x44K, following Agilent’s recommended protocol.
These arrays assay over 41000 unique probes spanning the human genome. Each array slide
allows up to 4 samples to be assayed simultaneously. In some instances, the same sample was run
twice (e.g., with different RNA input amounts into the labelling reaction) to serve as an indicator
of the reproducibility of the data. The hybridized microarray slides were scanned using a GenePix
4000B Microarray Scanner (Molecular Devices, Sunnyvale, CA, USA) running GenePix Pro

version 6.1 software.

4.2.6 Data analysis
Data manipulation was performed in Microsoft Office Excel (Redmond, WA, USA) for

spreadsheet functions and STATISTICA (StatSoft Inc., Tulsa, OK, USA) for statistical analysis.

The microarray data (background-subtracted intensity values) were normalized for each
array by dividing by the median intensity value of the spots on the array. Zero and negative
values were deleted and data from probes with multiple spots on the array were consolidated by
removing the highest and lowest intensity values and averaging. From this, a set of normalized
intensity values for each unique probe was obtained. Some genes were represented by multiple
probes, but these data were not averaged. The resulting data set consisted of 41000 intensity

values per sample, one for each unique probe on the microarray.
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For each sample, modified M-A plots (210, 211) were generated by plotting M =
log,(T/B) against A = log, (T - B), where T and B are the array-median normalized intensity
values for the top and bottom layers, respectively. Assuming that the majority of probes are
expressed at similar levels between the layers, a further adjustment to the data can be made to set
the central log-ratio M of each plot to be zero. Using all data with 4 > 4 to avoid fitting to data
that is excessively noisy due to weak signal, a linear regression for each M-A plot was calculated

and subtracted from all data in that plot.

Samples that were run in duplicate were used to determine technical scatter. Instead of
comparing top against bottom layers, M-A plots were constructed by comparing the duplicate
samples. After linear adjustment as above, the regions of technical scatter generated by M-A plots
of duplicate samples can be used to set thresholds of significance with which to analyze the top
versus bottom data of the other samples. Double exponential functions were fit manually in an
attempt to replicate the envelopes traced by the duplicate data M-A plots. These fits will be
overlaid on the top versus bottom data in subsequent analyses to define the range of expected
technical variability and thus identify candidate targets outside this range. As the range and
scaling of microarray data is somewhat arbitrary, the fits were translated so that the maximum
(saturation) 4 values of the duplicate data underlying the fits and the test data were aligned. Test
data points lying outside these fits could then be considered potential targets. To estimate the
false discovery rate of using these fits, this method is applied to the duplicate data, where the

biological variation between the samples is known to be zero.

To further evaluate the quality of the microarray data, unsupervised hierarchical cluster
analysis was performed on all log-transformed data collected from arrays run with at least 50 ng
RNA to start the labelling reaction. All saturated and low-intensity (<16 or log, < 4) data were

removed from this analysis. Complete linkage was required between grouped clusters and the
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Pearson distance metric, which is more likely to capture overall correlations within the data and is
less sensitive to imperfect between-array normalization than metrics like Euclidean distance

(310), was used.

4.3 Results

Six frozen and seven molecular fixative cases were used in this study. These are
summarized in Table 4.1. Multiple regions were microdissected from some cases and are
therefore listed twice. Upon examining a couple cases in which adjacent pieces of LEEP tissue
were fixed in formalin or molecular fixative in an alternating pattern, our study pathologist felt

that the molecular fixative samples looked acceptable (311).
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Highest grade | Grade:
Case Fixation Microdissected grade | in patient High or Low
5034 Frozen N/A CIN I High
5065 Frozen N/A CINII High
5054 Frozen N/A CINII High
5079 Frozen N/A Imm Sq Meta | Low
5047 Frozen N/A CIN I High
5067 Frozen N/A CIN 1 High
0027 Molecular | CIN | CIN I Low
0028 Molecular | CIN Il CIN I High
0030 Molecular | CIN | CIN I Low
0033A | Molecular | CIN Il CIN I High
0033B | Molecular | CIN Il CIN 1 High
0043 Molecular | Normal CIN I Low
0044 Molecular | CIN | CIN Il Low
0053A | Molecular | CIN Il CIN I High
0053B | Molecular | CIN I CIN I High

Table 4.1: Summary of all cases used in this study. RNA was purified and analyzed from all the molecular
fixative samples listed, plus frozen case 5065. Microdissected regions of frozen cases could not be graded
directly and were therefore classified according to the highest grade in the patient. Regions with
histopathological grades of CIN II or worse were classified as high-grade while the rest were low-grade.
This is denoted in the final column. Imm Sq Meta = Immature Squamous Metaplasia.

4.3.1 Laser microdissection

Two frozen samples were laser microdissected, but both yielded unsatisfactory results.
This appears to be due to the cervical tissue being very tough to cut with the laser system, taking
twice as long (2 hours per section) versus typical samples of other tissue types. Since laser
microdissection was performed at room temperature, this was likely to have affected the integrity

of the RNA we collected and analyzed.

The first frozen sample attempted was case 5034. About 810 ng RNA was purified from
the outer layer. Inadequate material was isolated from the basal layer, so it was pooled together
with the intermediate layer to yield 1034 ng. All the purified RNA was used for microarray
analysis, performed by the laboratory of Dr. Cathie Garnis. The outer layer failed due to low

labelling yield (0.762 pg compared to about 10 pg for Garnis Lab’s concurrently run samples),

99



while the combined intermediate/basal layer had a low specific activity after labelling (0.94

versus about 3 pmol Cy3 per ug cRNA).

The second sample attempted was case 5065. The Bioanalyzer reported that RNA from
whole sections had an RNA Integrity Number of 7.8. However, after laser microdissection and
extraction, the 260/280 ratio remained low (1.5-1.65) and would likely require further cleanup
before microarray analysis. With some initial successes from the following manual
microdissection of molecular fixative samples, these frozen samples (and laser microdissection)

were abandoned.

4.3.2 Manual microdissection

Manual microdissection was tedious, but largely successful and feasible. Upon moving
slides from dry ice to the room temperature dissecting microscope, a small amount of moisture
condensed on sections. This was found to aid in microdissection by binding the collected tissue to
the needle, preventing it from “flying away” as the tissue was scraped. Moreover, the slightly
moist epithelium was found to hold together well and separate from the stroma cleanly at the
basement membrane when gently pulled by the needle. Separating the top and bottom layers of
the epithelium was best done by scoring completely dry sections with the needle point. Working
on multiple slides at once allowed microdissection to proceed more quickly, allowing 12 sections
to be completed in about 30 minutes. An example of one sample undergoing the various stages of
microdissection is shown in Figure 4.1. Photos documenting microdissection of all the samples

can be found in the Appendix.
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Original

After removing hottom After removing stroma

Figure 4.1: Example composite figure documenting microdissection of case 0028. A reference H&E
section (A) is shown alongside photographs of an adjacent section before microdissection (B), after
removing the top layer (C), after removing the bottom layer (D), and after removing the stroma (E).
Microdissection was always performed in this order. See appendix for all other cases.

4.3.3 Frozen samples

A total of six frozen samples were processed. Two have already been detailed in the laser
microdissection results (Section 4.3.1). Case 5065 was also manually microdissected and
successfully generated microarray data. The stroma was run in duplicate, with 100 ng and 200 ng
RNA input into the labelling reaction. When plotted against each other, most probes showed a
linear relationship between the replicates, indicating that the assay is quantitative and
reproducible over the RNA input range of 100-200 ng (Figure 4.2). The top and bottom layers
were also run on arrays, using all available purified RNA for each layer as starting material for

the labelling reactions.
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Figure 4.2: Plot of expression data from two aliquots of frozen sample case 5065 stroma. One aliquot had
200 ng RNA starting material in the labelling reaction (ordinate) while the other used only 100 ng
(abscissa). Most data points lie along the linear regression line (R* = 0.91). Data from saturated spots have
been removed (i.e., 200 ng data > 12000).

Another sample attempted was case 5054. This sample was initially difficult to section.
This was believed to be attributable to excess residual RNA/afer in the sample, causing it to set
improperly in the cryostat. The sample was thawed and rinsed with PBS before being re-
embedded. After successful sectioning, a few complete sections were used to test RNA quality.
Both gel electrophoresis and Agilent Bioanalyzer confirmed that the RNA was degraded even

prior to microdissection.

The fourth frozen sample processed (case 5079) was found to contain no extractable
RNA, even after repeated attempts, including attempts to extract RNA from solutions that would
normally be discarded during the normal extraction protocol. The fifth frozen sample (case 5047)
was found to contain no epithelium. The sixth frozen sample (case 5067) was found to contain

degraded RNA, even without microdissection. This was independently verified by testing several
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whole sections in the laboratory of Dr. Wan Lam. Despite the initial success with case 5065,
attempts to replicate the results using the remainder of the frozen samples were largely

unsuccessful. Consequently, this effort was abandoned to focus on molecular fixative samples.

4.3.4 Molecular fixative samples

RNA was successfully purified from manually microdissected MFPE blocks from 7
patients. Nine regions were microdissected, including 1 normal, 3 CIN I, 3 CIN II, and 2 CIN III
(Table 4.1). Most of these were successfully assayed on the gene expression microarrays. Two
patients had regions of both CIN II and CIN III, which were collected separately and labelled as
A and B. For one CIN I case (case 0027), the stroma was microdissected but RNA has not yet
been purified. For a CIN II case (0053A), the stroma RNA was purified, but yield and quality
were insufficient and the labelling reaction failed. Generally, purified RNA from the MFPE
samples was superior in yield and purity compared to the frozen samples, as determined by
NanoDrop. This is likely due to the difference in purification methods. RNA also appeared
mostly intact, with the 18S band appearing distinctly, while the 28S band was less well-defined

(Figure 4.3).
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Figure 4.3: 200 ng of basal layer from case 0028 in the middle lane of a 1% agarose gel. The sample may
have been over-diluted, causing it to appear faint. The TrackIt 1Kb Plus DNA Ladder (Life Technologies)
is on the right. An oral cancer sample from the laboratory of Dr. Cathie Garnis is on the left as a
comparison. The 18S band appears distinctly, while the 28S band is less well-defined. Gel and image were
done by the lab of Dr. Cathie Garnis.

Among the molecular fixative samples, three were assayed on the microarrays in
duplicate: A normal (case 0043) bottom layer run with 200 ng and 50 ng input into the labelling
reaction, a CIN 1 (0044) top layer run with two 200 ng aliquots input, and a CIN III (0028)
bottom layer run with 200 ng and 25 ng input. The first two sets of duplicates showed an
excellent linear correlation (e.g., Figure 4.4), but the third set exhibited a significant side branch

(Figure 4.5).
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Figure 4.4: Plot of expression data from two aliquots of case 0043 basal layer. One aliquot had 200 ng
RNA starting material in the labelling reaction (ordinate) while the other used only 50 ng (abscissa). Most
data points lie along the linear regression line (R* = 0.96). Data of saturated spots have been removed (e.g.,
200 ng > 2400).
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Figure 4.5: Plot of expression data from two aliquots of case 0028 basal layer. One aliquot had 200 ng
RNA starting material in the labelling reaction (ordinate) while the other used only 25 ng (abscissa). A
distinct side branch in the data is visible, suggesting 25 ng might be too little starting material. Data of
saturated spots have been removed.

Hence, good microarray data can be obtained using 50-200 ng RNA in the labelling
reaction. The scatter in the molecular fixative replicate data was also less than in the frozen
sample (Figure 4.6). The normal data produced slightly more scatter than the CIN I data, so their

fits will be referred to as the wide and narrow thresholds, respectively.
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Figure 4.6: Overlaid M-A plots of duplicate data for the frozen and two MFPE samples. Data have been
adjusted so that the mean M is zero. The traces are manually fit double exponentials that can be used as
thresholds separating data that is indistinguishable from technical scatter and likely differentially expressed
targets.

4.3.5 False discovery rates

The accuracy of the fitting can be assessed by counting the number of false positives that
the fit would “discover” in the duplicate data from which it was derived. Each set of thresholds
was overlaid over each set of duplicate data and the number of data points outside the thresholds
was determined. Additionally, as a narrow threshold would result in a high false discovery rate on
its own, additional criteria of a greater than two-fold change (|M| > 1) and a sufficiently high

intensity (A > (max A) — 20) were applied. The results are shown in Table 2.
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Threshold Number of false discoveries in duplicate samples
bands Frozen Normal (Wide) CIN | (Narrow)
Frozen 4 (0.0098%) | 27 (0.0659%) | 18 (0.0439%)
Wide 15 (0.0366%) | 16 (0.0390%) | 4 (0.0098%)
Narrow 315 (0.7683%) | 120 (0.2927%) | 43 (0.1049%)
Narrow with | o470 6024%) | 63  (0.1537%) | 20  (0.0488%)
extra criteria

Table 4.2: False discovery rates when differential expression criteria based on the scatter of duplicate data
are applied to the three sets of duplicate data. For each condition, the counts and percentages of data points
outside the indicated threshold bands are given.

4.3.6 Cluster analysis

Cluster analysis revealed that replicate samples and epithelial samples from the same
patient tended to cluster together (Figure 4.7). The two data sets corresponding to the same
hybridized array scanned twice with different gain settings (0044 TopB) were the most similar,
followed by a replicate array of the same sample (0044 TopA). The frozen (5065) and stroma
samples formed their own clusters. For case 0053, the CIN II and III regions were identified in
essentially the same region on different H&E slides. Hence, the A and B samples constitute
adjacent regions that differ only by their depth in the tissue block. As high-grade lesions, the top
and bottom layers also appear morphologically similar. We observe, then, that all four epithelial
samples from case 0053 cluster closely together. A similar situation is observed with case 0033
and again, its four epithelial samples cluster together. Case 0028 was somewhat anomalous as it

clustered closer to the frozen sample and not the other MFPE ones.
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Figure 4.7: Cluster analysis of all log-transformed microarray data. Pearson distances and complete
linkage were used. Each array is labelled by case number (abbreviated as per the table at right), layer

(T =Top, B =Bottom, S = Stroma), grade (Norm = Normal), and the amount of RNA used in the labelling
reaction. Where given, the number after the @ symbol denotes the detector gain setting on the microarray
scanner. In all other cases (plus the one where gain = 433), the detector gain was set automatically by the
scanning software. Two samples that differ only by detector gain were the same hybridized array imaged
twice with different settings. All other samples represent distinct arrays. Two 200 ng aliquots of top layer
RNA were assayed from case 0044 (case 7 in this figure), so these are denoted A and B. Note that in this
figure, cases 4 and 5 are from the same patient, as are cases 8 and 9.

4.4 Discussion

Formalin fixation has routinely been used in laboratories all around the world for
processing human specimens for clinical use. However, the deleterious effects of formalin
fixation on biomolecules have been well documented and present a significant challenge to
attempts to use such material for molecular biological studies (220, 294-296). Frozen samples, on

the other hand, produce better quality biomolecules (306, 312), but at the cost of being unreliable
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for clinical use. Molecular fixative has been proposed as a fixative that will allow clinical
diagnosis and molecular biology to be performed on the same sample (298). Molecular fixative in
some tissues has already been shown to preserve morphology of tissues nearly as well as formalin
(298, 306). Meanwhile, RCL2, a commercially available alcohol-based fixative that competes
with the Tissue-Tek® Xpress® Molecular Fixative used here, very recently was shown to
perform well on a number of tissue types, including cervical specimens (313) supporting our
efforts to evaluate the technical feasibility of using molecular fixative samples for

microdissection and subsequent gene expression microarray analysis.

Investigations into microdissection techniques showed that laser microdissection was
unsatisfactory when applied to the small sections from cervical biopsies. It was slow and
produced unusable RNA, although subsequent experiments suggested that the latter may have
been a result of the suboptimal samples being used. While laser microdissection has helped shape
our understanding of many aspects of pathology and cancer biology, it is not often applied to
cervical neoplasms (314). Laser microdissection has been used on 5 pm sections of cervical
tissue (314, 315), not much thinner than what we used, but these reports do not indicate how long
this took. Wilting et al used laser microdissection to selectively increase the proportion of
epithelial cells on some of their 8 um sections, but again did not indicate how long this took
(283). While the laser microdissection system used here relies on cutting through the tissue, there
are other systems that operate by using an infrared laser to melt a transfer membrane, fusing with
the sample (316). The membrane is then lifted off, taking the fused sample along with it. Gius et
al reported using this type of system on 10 um LEEP sections, taking about 5 hours to
microdissect about 20 slides (289). This is much slower than our manual microdissection.
Moreover, such systems are better suited for collecting smaller regions as only cells in the
vicinity of the laser pulse are collected, making such systems a poor choice for our study. In our

experience, it is clear that laser microdissection takes significantly longer than manual
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microdissection. Consequently, laser microdissection was deemed to not be worth the effort and

abandoned.

Most of the frozen samples were found to have unusable RNA. Many attempts were
made to tweak the protocol, including re-extracting from what would normally be waste
solutions, but all to no avail. In many cases, degraded RNA was found in whole sections,
meaning microdissected samples would yield even more degraded material. For the one frozen
sample that was usable, the RNA was less pure and generated microarray data with more scatter
than any of the MFPE samples. The poor results are likely due to a combination of the age of the
samples, the fixative, and the RNA purification method, although we are unable to tease apart the
contribution from each. A direct comparison between frozen and MFPE samples is not possible in

this study.

Cluster analysis was used to get an impression of the reliability of the data by looking at
the general relationships between the samples. Many studies employ single linkage clustering, in
which the distance between two clusters at each step is defined by the minimum distance between
an element from one cluster and an element from the other. In some cases, two clusters in which
the majority of elements are far apart may be joined by single linkage if one element from each is
close to each other. Complete linkage, on the other hand, avoids this problem by using the
maximum distance between clusters, generally resulting in more compact clusters. We also chose
to use the Pearson distance metric as it captures the correlations between genes via the Pearson
correlation coefficient (310). Relative expression levels for the majority of genes are expected to
be similar in all the samples. The Euclidean distance, another common metric for cluster analysis,
depends on the absolute expression differences between samples, leaving it sensitive to
imperfections in between-array normalization. Cluster analysis was found to be sensitive to

saturated data, as saturation of a gene signal in only one sample resulted in a significant deviation
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from the regression line. On the other hand, cluster analysis was sensitive to low-intensity data
only when performed on log-transformed data. At low intensities, small deviations are magnified
once the logarithm is taken. For these reasons, both saturated and low-intensity data were
removed from the cluster analysis. There was little difference between the clustering results

performed on log-transformed and untransformed data.

We would expect replicate samples to cluster most tightly together. Samples taken from
the same patient would also be expected to cluster together as would perhaps samples of the same
CIN grade. On the other hand, we would expect epithelial samples to cluster separately from
stromal samples and, ideally, high-grade samples would cluster separately from normal and low-
grade samples. In our data, we found that replicate and adjacent samples tended to cluster
together and stroma generally clustered separately from epithelium. Aside from case 0028, frozen
samples behaved differently from the MFPE ones. As noted, the frozen samples were collected
and handled differently, which likely accounted for much of the difference. The behaviour of case
0028 is a little more difficult to explain. However, it was the first MFPE sample processed and
my relative inexperience with the procedures at the time may have played a role. Besides these
two cases, most of the data clustered as expected and give us additional confidence in our data.
Of note, samples from the same patient tended to cluster together, suggesting that there might be
significant biological variation between patients, even those harbouring lesions of the same CIN

grade.

All pair-wise comparisons of microarray data showed similar levels of expression
between samples for the majority of probes. In MFPE samples, this was valid down to 50 ng of
purified total RNA. Duplicate samples, in particular, allow us to quantify the level of technical

scatter in the data. The frozen sample exhibited the widest scatter, while the MFPE samples
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varied somewhat in the amount of scatter present, showing that there is some variability between

different runs or samples in terms of the level of scatter one can expect.

With an eye towards using the technical scatter to analyze the epithelial layer comparison
data, thresholds were set to approximate the scatter inherent in the duplicate samples, separating
data that is indistinguishable from noise from differentially expressed potential targets. Applying
these thresholds back on to the duplicate data allowed the false discovery rate to be estimated
(Table 4.2) for these thresholds. The results trend mostly as expected, although the frozen data
threshold is somewhat anomalous when applied to the molecular fixative data because that
threshold is relatively flat and picks up a lot of low-intensity false positives. If the intensity
criterion were also applied to the frozen data threshold, the false discovery rate for the molecular
fixative samples would be greatly reduced. Focussing in on the MFPE sample data, the wide
thresholds will certainly be specific, but might not be sensitive enough to detect many valid
targets. On the other hand, the narrow thresholds might result in too many hits that would then
need to be whittled down to a more manageable number. Adding the extra intensity and fold-
change criteria helps reduce the number of false positive hits. Depending on the scatter in the
specific data set, this might be sufficient. Since we have 5 high-grade (CIN II or worse) and 4
low-grade dysplasia samples (CIN I or normal), we could require that changes detected occur in
at least 3 samples of the same group (high- or low-grade) and must agree before the change is
accepted as significant. Taking the most permissive scenario, narrow thresholds on widely
scattering data, and accounting for all the possible combinations, this yields a probability of
2.5 x 10™ % that a probe would register as a false positive for at least 3 out of 5 samples, or about
0.01 probes in a microarray of 41000. This number drops further if we add the intensity and fold-
change criteria. Hence, we can be confident that even the narrow thresholds will yield a small

number of false positives as long as at least three samples are required to agree.
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From a technical perspective, then, gene expression microarray analysis of cervical
squamous epithelium samples in which the layers of the epithelium are microdissected appears
very promising. As microdissection entails additional sample handling and smaller volumes of
tissue being processed for analysis, RNA quality and yield would be expected to be worse than
comparable analyses of whole sections or biopsies. Nevertheless, replicate samples show good
agreement with a quantifiable amount of technical scatter that can be exploited to identify
potential targets of interest, even when using as little as 50 ng total RNA for the labelling
reaction. Molecular fixative appears to generate results as good as or even better than frozen
samples while preserving morphology. A very recent publication not available at the start of this
work confirmed the suitability of alcohol-based molecular fixatives in studying cervical tissues
for morphology and molecular analyses (313). However, as with any other genome-wide
expression analysis, the ultimate test will come from biological validation of the identified

targets. This will be the focus of the following chapter.
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5 Microarray Analysis of Epithelial Layers in Cervical

Dysplasia: Biological Validation

5.1 Introduction

We have demonstrated that gene expression microarray analysis of microdissected
molecular fixative preserved paraffin-embedded (MFPE) cervical epithelial samples generates
data of adequate quality for analysis. Comparisons of replicate data show high degrees of
correlation and we have used these analyses to define thresholds that could be used to identify
differentially expressed genes. The true test of any expression microarray analysis, however, is
biological validation: Are the results biologically relevant and meaningful? In this chapter, I
tackle this question by identifying candidate biomarkers from the gene expression profiling data
and then attempting to validate these results at the protein level using immunohistochemistry
(IHC). Hopefully, the improved biological understanding provided by microarray analysis of
epithelial layers in cervical dysplasia will lead to the discovery of novel biomarkers of CIN at

highest risk of progression and that can be assayed on cervical cytology specimens.

5.2 Materials and methods

5.2.1 Data analysis

Gene expression microarray data from the previous chapter was analyzed. Instead of
focussing on the duplicate samples, all data from the MFPE epithelial layers was incorporated
into the analysis. The frozen sample data will not be considered here as there was only one

sample and it had considerably wider scatter than the molecular fixative data. Data manipulation
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was performed in Microsoft Office Excel (Redmond, WA, USA) for spreadsheet functions and

STATISTICA (StatSoft Inc., Tulsa, OK, USA) for statistical analysis.

For each microdissected region, the top and bottom epithelial layers were compared by
constructing M-A plots. The plots were normalized by linear regression according to the protocol
described in Section 4.2.6. The two thresholds defined in Section 4.3.4 for molecular fixative data
were then overlaid on each plot. Data points lying outside the thresholds were considered to
represent probes for differentially expressed genes. For each probe, the number of high-grade
(CIN II or worse) and low-grade (normal or CIN I) samples for which the gene was differentially
expressed was counted. From these counts, different filters could be set up to generate gene lists

matching defined criteria.

Using each of the two thresholds, probes which were overexpressed in the top layers of
at least half (three) of the high-grade samples and less than half (i.e., at most two) of the low-
grades were identified. As one of the ultimate goals of this analysis is to discover novel
biomarkers for cervical intraepithelial neoplasia, this comparison might yield markers that are
overexpressed in the upper layer of high-grade lesions. Cytology specimens are preferentially
sampled from the upper half of the epithelium, so targets in the upper half are of particular

interest.

The layers of normal cervical epithelium have distinct morphologies and these
differences tend to disappear as a lesion progresses toward malignancy. To study basal layer
markers that might also display this pattern, probes were identified that showed overexpression in
the bottom layers of at least half of the low-grades but less than half of the high-grades. This
would include markers that are no longer differentially expressed in high-grades because they are

highly expressed in both top and bottom layers.
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One can also look for negative markers of high-grade dysplasia that show decreased
expression in the upper layer in high-grade lesions. To find these, probes with overexpression in

the top layers of at least half of low-grades but not more than half of high-grades were selected.

An alternative approach to analyzing the data is to compare the data from each layer and
grade in aggregate. This method sacrifices some of the advantages of the pair-wise comparisons
of top and bottom samples from the same lesion with respect to insensitivity to patient variability,
but gains the ability to detect trends across the data that might not be apparent in the pair-wise
analysis. To directly compare between the upper layers of high- and low-grade lesions, a t-test
was performed for each probe, using M-A normalized data. The top and bottom layer data
implied by the M-A normalized data can be calculated by undoing the log transforms with the
following formulae: Tyygpy = 24+ Mnorm)/2 and B, ;. = 24 Mnorm)/2 The probes were then

ranked by increasing P-value and sorted according to which layer showed higher expression.

5.2.2 Human Protein Atlas

The most promising targets will be validated by immunohistochemistry. However, each
of the screens described in the previous section returns quite a few candidates, which would
translate into a lot of antibodies and a lot of validation testing. One way to both narrow down the
target list and to do a preliminary round of validation is to use the Human Protein Atlas (HPA,
www.proteinatlas.org), an online compilation of IHC staining of thousands of antibodies across
various types of human tissue (317, 318). The present analysis uses Version 9.0 of HPA, released
on November 11, 2011. It contains data and images of staining for 15598 antibodies targeting
12238 genes. Unfortunately for the question being examined here, HPA only includes IHC results
for normal and cancer samples from the cervix on only a few cases (typically 1-3 for normal and
a few more for cancers) for each of these genes. However, it provides a very valuable

independent check going forward for the differentially expressed genes found in this study.
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A search was performed on HPA for each of the genes identified in the screens and the
images of the stained normal and cancerous cervical tissue cores were viewed. Those for which
the HPA images agreed with the microarray data and appeared to show the greatest contrast in
top layer staining between normal and cancer (i.e., those most likely to be suitable as a cytology
biomarker) were flagged for further validation. Antibodies for a subset of these were then

purchased to complete IHC validation.

5.2.3 Validation samples

Tissue excised from patients having undergone loop electrosurgical excision procedures
(LEEP) were fixed in formalin and embedded in paraffin according to standard clinical protocols.
Each LEEP specimen was a ring of tissue too large for a single paraffin block, so it was cut open
and divided sequentially over multiple blocks, typically 6 or 7. Each block generally contained
two adjacent tissue pieces and was assessed by a licensed surgical pathologist (Dr. Dirk van
Niekerk) by examining representative sections that had been stained with hematoxylin and eosin
(H&E). These slides were digitized on the Pannoramic MIDI system (3DHistech, Budapest,
Hungary) so the pathologist could circle precisely the regions of abnormality. Sections adjacent
to the diagnostic H&E sections were cut at 4 pum on to glass slides and left unstained for use in
the subsequent validation experiments. Table 5.1 presents a summary of the LEEP specimens
used in this validation analysis. The samples were collected from patients with various grades of
cervical dysplasia and many LEEP samples had regions of different histopathological diagnoses
identified, allowing staining of different pathological grades to be compared against a more

consistent genetic background.
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Highest grade in

Case | H&E slide | CIN grades present | patient IHC staining
0013 | A2-1 I CIN HI CRNN

0018 | Al-1 1n/m CIN 1 CLDN1, CRNN
0018 | Al1-2 in/m CIN HI IFITM3, KLK7
0018 | A3-1 I CIN lI CLDN1, CRNN
0018 | A4-1 | CIN 1 IFITM3, KLK7
0019 | A2-1 1/i/m CIN HI CLDNZ1, IFITM3
0019 | A7-1 1/ CIN 11 CRNN, KLK7
0028 | Al-1 I/l CIN HI CRNN

0028 | Al-2 1711 CIN 1 IFITM3

0028 | A2-3 Il CIN 1l CRNN, KLK7
0030 | A3-1 in/m CIN HI CLDN1, CRNN
0030 | A3-3 /i CIN 1l IFITM3, KLK7
0037 | A4-1 I CIN HI CLDNZ1, IFITM3
0037 | A5-1 Il CIN 1l CLDN1, IFITM3
0037 | A6-1 in/m CIN HI CRNN, KLK7
0047 | A2-2 I CIN lI CLDN1, CRNN
0047 | A2-3 | CIN 1l IFITM3, KLK7
0047 | A5-1 1/ CIN HI CLDN1, CRNN
0047 | A5-2 1/ CIN I IFITM3, KLK7
0050 | A2-2 I CIN I IFITM3

0052 | Al-1 Il CIN Il CLDN1, CRNN
0052 | Al1-2 Il CIN Il IFITM3, KLK7

Table 5.1: Summary table of all the LEEP specimens used in the validation of microarray targets by IHC.
All grades refer to CIN grades. Each block may have multiple regions present with different grades, as

indicated. All blocks have regions of normal pathology.

In addition to the LEEP specimens, cervical biopsies from a previous study (185, 194,

241) and human tissue and tissue microarray slides from US Biomax (Rockville, MD, USA) and

Pantomics (Richmond, CA, USA) were used to titrate antibodies.

5.2.4 Immunohistochemistry

Immunohistochemistry was performed according to a standard protocol similar to the one

in Chapter 3, with modifications to account for the different nature of the paraffin embedded
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material used here. For each antibody, various antigen retrieval methods and antibody dilutions

were first tested on control tissues for optimization.

Concentrate buffer solutions for antigen retrieval (pH 6 and 9) were obtained from Vector
Laboratories (Burlingame, CA, USA) and used at 1:100 dilution. Bovine serum albumin (BSA)
and SIGMAFAST™ 3,3’-diaminobenzidine (DAB) chromogen tablets were obtained from
Sigma-Aldrich Canada (Oakville, ON, Canada). Serum-free protein block and EnVision+ HRP-
labelled polymer were purchased from Dako Canada (Mississauga, ON, Canada). Both anti-
mouse and anti-rabbit versions of the EnVision+ reagent were used, depending on the primary
antibody being tested. All antibodies were diluted in 1% BSA in phosphate-buffered saline (PBS)

just prior to use.

Mouse anti-connexin 26 (CX-1E8), rabbit anti-connexin 26 (UM214), and rabbit anti-
claudin-1 (JAY.8) antibodies were obtained from Life Technologies (Burlington, ON, Canada).
Rabbit anti-kallikrein 7 antibody (ab40953) was obtained from Abcam (Cambridge, MA, USA).
Rabbit anti-KLK7 (HPA018994) and rabbit anti-COL16A1 (HPA027235) antibodies were
obtained from Sigma-Aldrich. Rabbit anti-TMEM45B (NBP1-88686) antibody was obtained
from Novus Canada (Oakville, ON, Canada). Mouse anti-IFITM3 (4C8-1B10) and rabbit anti-
cornulin (SZ1229) antibodies were obtained from Cedarlane (Burlington, ON, Canada). Mouse
anti-stathmin (sc-48362) and rabbit anti-stathmin (sc-20796) antibodies were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-stathmin (3352S) antibody was obtained

from New England Biolabs (Pickering, ON, Canada).

Slides were baked on a slide warmer (GCA/Precision Scientific, Chicago, IL, USA) held
at around 55°C (so that the paraffin just melted) for at least 30 minutes before deparaffinization.
The slides were then immersed in 3 changes of xylenes, at least 10 minutes each, followed by

rehydration through graded alcohols and finally deionized water. Antigen retrieval was performed
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using the microwave method, followed by cooling for 20 minutes. For each antibody, different
retrieval buffers and times were tried (in order of increasing antigen retrieval strength): no
retrieval (immersion in PBS for at least 30 minutes), 10.5 minutes in pH 6 citrate buffer, 12
minutes in pH 9 buffer, or 22.5 minutes in pH 9 buffer. Blocking steps were 20 minutes with 3%
v/v H,0, in methanol for endogenous peroxidase, 5 minutes with 1% BSA and 0.1% Triton® X-
100 in PBS for permeabilization, and 60 minutes with protein block for non-specific binding.
Slides were incubated with primary antibody for one hour at room temperature. A 30-minute
incubation with the secondary antibody (polymer linker) followed, which was visualized via a 7-
minute incubation with the DAB chromogen solution. After a thorough rinse, slides were
dehydrated through graded alcohols, cleared in xylene, and coverslipped with Cytoseal™

mounting medium (Fisher Scientific Canada, Ottawa, ON, Canada).

All stained LEEP slides were digitized by scanning them into the Pannoramic MIDI

system.

5.2.5 Data analysis of immunohistochemistry

Digital images of the IHC stained slides were compared with the corresponding H&E
reference section. The pathologist’s annotations were then transcribed on to the IHC images. All
regions of abnormality were assessed separately as well as at least one representative region of
normal epithelium per tissue piece. The top and bottom halves of the epithelium were scored

separately, except where noted below.

Scoring of IHC staining was performed semi-quantitatively on a 0-3 scale, with 0
indicating no staining and 3 being intense staining. Each region was assessed visually by
estimating both the proportion of stained cells and the intensity of the stain. In most cases where

staining was present, most of the cells in the region were stained, but staining intensity varied
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from one region to the next and an estimate of this intensity was the deciding factor in assigning a

staining score.

In some cases, different parts of the same tissue piece exhibited different staining patterns
even though they were assigned the same histopathological grade by the pathologist. In these
cases, cach region was assessed separately and then all the IHC scores from the same
histopathological grade in the tissue piece were averaged together. Hence, for each slide, there
can be up to two different scores per layer per histopathological grade (i.e., one per tissue piece).

A minimum of 5 regions of each grade were assessed for each antibody.

A non-parametric test (Kruskal-Wallis), which is only dependent on the ordering of the
scores and not on the linearity of the scoring system used, was used to evaluate the IHC results.
Kruskal-Wallis tests were performed to find differences in staining between high-grades (CIN 11

and CIN III) and low-grades (normal and CIN I).

5.3 Results

Comparing the top and bottom layers of each case, most genes were not differentially
expressed. There were, however, some general trends in the number of differentially expressed
genes found when performing such comparisons. Figure 5.1 shows representative plots of a CIN I
case and a CIN III case. There are far more differentially expressed genes in the CIN 1. Generally,
there were also more genes overexpressed in the top than overexpressed in the bottom. We can
quantify these trends by counting the number of probes that were differentially expressed in at
least half (three) of the high-grade or low-grade samples. Using the narrow thresholds combined
with the minimum ratio and intensity criteria described in Section 4.3.5, differential expression
was found for 166 probes in the low-grades compared to only 142 in the high-grades. Keeping in
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mind that these are counts and that there was one fewer low-grade sample, this difference would
have been even greater if there were the same number of high- and low-grade samples. In the
low-grades, 130 probes were overexpressed in the top layer and 36 were overexpressed in the
bottom layer. This trend is mirrored in the high-grades, with 105 overexpressed in the top and 37
overexpressed in the bottom. Using the wide thresholds, there are far fewer differentially
expressed genes, but the difference between numbers of overexpressed genes in the top and

bottom layers is still apparent.
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Figure 5.1: M-A plots of representative CIN I (0030) (A) and CIN III (0053B) (B) cases. Overlaid on each
are the narrow (blue) and wide (green) thresholds from Section 4.3.4.
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5.3.1 Target lists

The different filtering criteria described in the Materials and methods section each
yielded different lists of candidate targets. 35 probes were overexpressed in the top layers of at
least half (three) of the high-grade samples and less than half (i.e., at most two) of the low-grades,
when using the narrow thresholds with the minimum ratio and intensity criteria. When the wide
thresholds are used, only 9 probes were found. These results are summarized in Table 5.2. In all
of the target lists, the highlighted rows indicate targets for which antibodies were purchased

(Section 5.2.4) for the purpose of validation by IHC on LEEPs.
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Table 5.2A: Narrow thresholds

Top > Bottom

Top < Bottom

Human Protein Atlas

Agilent Normal/ Normal/
Gene Symbol Probe ID CIN2/3 CIN1 CIN2/3 CIN1 Description Normal Cancer
A_23 P204 Strong staining in many cancer
GJB2 941 5 0 0 0 | Gap junction protein, beta 2 Confined to basal layer cases
A_23 P204 Strong staining in many cancer
GJB2 947 5 1 0 0 | Gap junction protein, beta 2 Confined to basal layer cases
A_23 P150 Secretoglobin, family 1D, Weak staining across cancer
SCGB1D2 555 4 0 0 0 | member 2 (SCGB1D2) Weak staining in lower 2/3 cases
A_23 P257 Trefoil factor 3 (intestinal)
TFF3 296 4 0 0 1 | (TFF3) Negative Negative
A_23 P393 Trefoil factor 3 (intestinal)
TFF3 099 4 1 0 1 | (TFF3) Negative Negative
Cadherin 26: Weak staining
A_23_P502 confined to basal layer and Cadherin 26: Strong staining in
CDH26 957 3 0 0 0 | Cadherin-like 26 (CDH26) stroma some cancers
A_23 P714 Chemokine (C-X-C motif)
CXCL1 4 3 0 0 0 | ligand 1 (CXCL1) No data No data
A_23 P127 Secretoglobin, family 1D,
SCGB1D1 781 3 0 0 0 | member 1 (SCGB1D1) No data No data
A_23 _P687 One antibody stains top layer,
TFF1 59 3 0 0 0 | Trefoil factor 1 (TFF1) the other doesn't stain Weak if any staining
A_23 P438 Staining across all layers in Staining across all layers in
KRT24 7 4 2 0 0 | Keratin 24 (KRT24) normal cancer
A_23_P345 Weak diffuse staining, primarily | Extensive weak staining, but
PIM1 118 4 2 0 0 | Pim-1 oncogene (PIM1) in lower layers mainly in stroma
Some cancer cases staining
A_23_P812 Confined to glands and some throughout, but in others,
PLAC8 19 4 2 0 0 | Placenta-specific 8 (PLAC8) stromal cells confined to rare infiltrating cells
A_23_P912 Secretory leukocyte Weak staining in middle third Pockets of staining in some
SLPI 30 4 2 0 0 | peptidase inhibitor (SLPI) and strong staining in glands cancers
A_24 P190 Secretory leukocyte Weak staining in middle third Pockets of staining in some
SLPI 472 4 2 0 0 | peptidase inhibitor (SLPI) and strong staining in glands cancers
A_23 P627 Small proline-rich protein 3
SPRR3 09 4 2 0 0 | (SPRR3) No data No data
A_24 P879 Apolipoprotein L, 1: Some weak | Apolipoprotein L, 1: Some
APOL1 31 3 1 0 0 | Apolipoprotein L, 1 (APOL1) basal layer staining staining
IFFO2: Diffuse staining
ENST00000304 | A_23 P418 throughout lower 2/3 and
963 031 3 1 0 0 | Novel protein (Fragment) stroma IFFO2: Extensive staining
Blood marker: Staining Some cancers show extensive
A_23_P378 confined to topmost layer; staining but most negative;
HBA1 56 3 1 0 0 | Hemoglobin, alpha 1 (HBA1) | Same antibodies as HBA2 Same antibodies as HBA2
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Table 5.2A continued

Top > Bottom

Top < Bottom

Human Protein Atlas

Agilent Normal/ Normal/
Gene Symbol Probe ID CIN2/3 CIN1 CIN2/3 CIN1 Description Normal Cancer
Blood marker: Staining Some cancers show extensive
A_23_P264 confined to topmost layer; staining but most negative;
HBA2 57 3 1 0 0 | Hemoglobin, alpha 2 (HBA2) | Same antibodies as HBA1 Same antibodies as HBA1
Heparan sulfate
A_23 _P121 (glucosamine) 3-O-
HS3ST1 657 3 1 0 0 | sulfotransferase 1 (HS3ST1) | No data on normal squamous No staining
Negative in squamous cell
A_24 P844 Polymeric immunoglobulin Very weak diffuse staining carcinoma, except for rare
PIGR 984 3 1 0 0 | receptor (PIGR) across all layers infiltrating positive cells
A_23_P904
UNQ467 53 3 1 0 0 | KIPV467 (UNQ467) KRTDAP: No data KRTDAP: No data
A_23 P703 Vascular endothelial growth
VEGFA 98 3 1 0 0 | factor A (VEGFA) Strong staining across all layers | Strong staining across all layers
A_32_P218
A 32 _P218707 707 3 2 0 0 | Unknown Not listed Not listed
1/3 antibodies stained diffusely,
A_24 P188 Decay-accelerating factor others negative with some Moderate-strong staining in
CD55 377 3 2 0 0 | 4ab stromal staining some cancers
A_23 P877 Hypothetical protein PLBD1: Nuclear staining in PLBD1: Extensive moderate-
FLJ22662 09 3 2 0 0 | FLJ22662 (FLJ22662) lower 2/3 and stroma level staining
A_23_P203 Blood marker: Staining Not much staining of tumour
HBB 558 3 2 0 0 | Hemoglobin, beta (HBB) confined to topmost layer cells
A_32_P175 Weak diffuse staining across all
HK2 739 3 2 0 0 | Hexokinase 2 (HK2) layers Diffuse staining
A_23 P120 Heme oxygenase (decycling) | Weak staining confined to thin Sporadic staining (maybe
HMOX1 883 3 2 0 0 | 1(HMOX1) layer near top infiltrating immune cells)
One antibody showed
A_23 P390 Kallikrein-related peptidase 7 | Mostly negative, with extensive strong staining while
KLK7 56 & 2 0 0 | (KLK7) occasional positive cell the other showed none
A_23_P267 Staining across all layers in Staining across all layers in
KRT4 4 3 2 0 0 | Keratin 4 (KRT4) normal cancer
A_24 P802 Mal, T-cell differentiation
MALL 04 3 2 0 0 | protein-like (MALL) No data No data
A_23 P355 Sterile alpha motif domain Staining across all layers in Staining across all layers in
SAMD9 244 3 2 0 0 | containing 9 (SAMD9) normal cancer
A_23_P656 Positive in some, but negative
TGM1 18 3 2 0 0 | Transglutaminase 1 (TGM1) Staining top 2/3 in most
A_23 P168 Transmembrane protein 45B
TMEM45B 2 & 2 0 0 | (TMEM45B) Weak staining in lower 2/3 Extensive staining
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Table 5.2B: Wide thresholds

Top > Bottom

Top < Bottom

Human Protein Atlas

Agilent Normal/ Normal/
Gene Symbol Probe ID CIN2/3 CIN1 CIN2/3 CIN1 Description Normal Cancer
Extensive staining for 2/3
Staining throughout epithelium antibodies, but for antibody with
but weaker in basal-most layer data for normal, see only
A _23_P170 for 1/3 antibodies, no data for staining in some sections and
CSTA 233 4 1 0 0 | Cystatin A (stefin A) (CSTA) other antibodies spotty staining in others
A_23 P393 Trefoil factor 3 (intestinal)
TFF3 099 3 0 0 1 | (TFF3) Negative Negative
A_23_P151
DUOX2 851 3 1 0 0 | Dual oxidase 2 (DUOX2) No data No data
A_23 P203 Blood marker: Staining Not much staining of tumour
HBB 558 3 1 0 0 | Hemoglobin, beta (HBB) confined to topmost layer cells
A_23 P121 Cysteine-rich C-terminal 1
CRCT1 55 3 2 0 0 | (CRCT1) No data No data
A 23 _P151 Rh family, C glycoprotein
RHCG 975 3 2 0 0 | (RHCG) No data No data
A_23_P912 Secretory leukocyte Pockets of staining in some
SLPI 30 3 2 0 0 | peptidase inhibitor (SLPI) Weak staining in middle third cancers
A_23_P116 Small proline-rich protein 2D
SPRR2D 44 3 2 0 0 | (SPRR2D) No data No data
A_23 P627 Small proline-rich protein 3
SPRR3 09 3 2 0 0 | (SPRR3) No data No data

Table 5.2: Target list found by selecting only those probes that were overexpressed in the top layers of at least half of the high-grade squamous intraepithelial
dysplasia samples and less than half of the low-grade squamous intraepithelial dysplasias, when using the narrow thresholds combined with the minimum ratio
and intensity criteria (A) or the wide thresholds (B). The counts in the middle columns indicate the number of high- or low-grade samples for which each probe
was differentially expressed. The HPA images of cervical tissue for each probe are briefly summarized in the last column. Not listed means the gene was not
found in the HPA database at all. No data means that the gene was listed, but the indicated data (image(s) of staining in normal or cancerous cervical squamous
epithelium) was missing. The highlighted probes are the ones for which IHC validation was attempted.
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Looking for genes that might be responsible for a basal-like phenotype, 20 probes were
identified that showed overexpression in the bottom layers of at least half of the low-grades but
less than half of the high-grades, when using the narrow thresholds with additional ratio and
intensity criteria. Using the wide thresholds, only two probes were found. Table 5.3 summarizes

these findings.
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Table 5.3A: Narrow thresholds

Top > Bottom

Top < Bottom

Human Protein Atlas

Gene Agilent Normal/ Normal/
Symbol Probe ID | CIN2/3 CIN1 CIN2/3 CIN1 Description Normal Cancer
Similar to Interferon-induced
transmembrane protein 3
ENSTO0000 | A_32 P16 (Interferon-inducible protein 1-8U)
0339867 7592 0 0 1 4 | (LOC650205) Not listed Not listed
Weak staining in basal-most
layer and some intermediate Some strong staining, but some
A 23 P87 Interferon induced transmembrane layer; Same antibodies as cases negative; Same
IFITM3 545 0 0 1 4 | protein 3 (1-8U) (IFITM3) IFITM2 antibodies as IFITM2
Keratin 14 (epidermolysis bullosa
A_23_P43 simplex, Dowling-Meara, Koebner)
KRT14 35 0 0 0 3 | (KRT14) Staining across all layers Staining across all layers
Moderate staining across many
A_23_P12 Staining throughout epithelium, cancer cases, with staining of
SEPP1 1926 0 0 0 3 | Selenoprotein P, plasma, 1 (SEPP1) | primarily lower 2/3 and stroma stroma
A_23 P25
MT2A 2413 0 0 2 4 | Metallothionein 2A (MT2A) No data No data
A_23 P39 Polymerase | and transcript release
PTRF 4064 0 0 2 4 | factor (PTRF) No data No data
A_23_P68 ATPase, Na+/K+ transporting, beta Staining throughout, but
ATP1B3 007 0 0 1 3 | 3 polypeptide (ATP1B3) strongest in basal layer Staining throughout
cDNA FLJ11895 fis, clone
A_23 P15 HEMBA1007301, weakly similar to
COL27A1 8096 0 0 1 3 | COLLAGEN ALPHA 1(lll) CHAIN No data No data
Weak staining in basal-most
layer and some intermediate Some strong staining, but some
A_24 P28 Interferon induced transmembrane layer; Same antibodies as cases negative; Same
IFITM2 7043 0 0 1 3 | protein 2 (1-8D) (IFITM2) IFITM3 antibodies as IFITM3
A_23 P21
TPM2 6501 0 0 1 3 | Tropomyosin 2 (beta) (TPM2) No data No data
One antibody showed no
A_23_P16 Collagen, type XVI, alpha 1 staining, the other primarily Staining primarily labelling
COL16A1 0318 0 0 2 3 | (COL16A1) lower 2/3 and stroma tumour-infiltrating cells
A 23 P21 Chemokine (C-X-C motif) ligand 14
CXCL14 3745 0 0 2 3 | (CXCL14) Staining middle third Weak and diffuse staining
ENSTO000 | A 23 P13 MARVEL domain-containing protein
0285605 8725 0 0 2 311 MARVELD1: No data MARVELD1: No data
A 23 P21 Staining in lower half and Staining present, but primarily in
FBLN1 1631 0 0 2 3 | Fibulin 1 (FBLN1) stroma stromal cells
A_23_P97 No data on normal squamous,
HTRA1 990 0 0 2 3 | HtrA serine peptidase 1 (HTRA1) but glands positive Moderate staining
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Table 5.3A continued

Top > Bottom Top < Bottom Human Protein Atlas
Gene Agilent Normal/ Normal/
Symbol Probe ID | CIN2/3 CIN1 CIN2/3 CIN1 Description Normal Cancer
Stains basement membrane Weak staining; Might be marker
A _23_P21 and stroma, one antibody of adenocarcinoma as normal
LAMB2 382 0 0 2 3 | Laminin, beta 2 (laminin S) (LAMB2) | additionally stains top layer glands negative
A _23_P41 Staining throughout epithelium, Weak to moderate staining
MT1H 4343 0 0 2 3 | Metallothionein 1H (MT1H) primarily lower 2/3 and stroma throughout
A_23 P30
MT1X 3242 0 0 2 3 | Metallothionein 1X (MT1X) No data No data
A_23 P10
MT2A 6844 0 0 2 3 | Metallothionein 2A (MT2A) No data No data
A_23_P12 Spondin 2, extracellular matrix
SPON2 1533 0 0 2 3 | protein (SPON2) No data No data
Table 5.3B: Wide thresholds
Top > Bottom Top < Bottom Human Protein Atlas
Gene Agilent Normal/ Normal/
Symbol Probe ID | CIN2/3 CIN1 CIN2/3 CIN1 Description Normal Cancer
A 23 P21 Chemokine (C-X-C motif) ligand 14
CXCL14 3745 0 0 1 3 | (CXCL14) Staining middle third Weak and diffuse staining
ENSTO000 | A_24 P16 Immunoglobulin heavy chain C gene
0390539 9873 0 0 2 3 | segment Not listed Not listed

Table 5.3: Target list found by selecting only those probes that were overexpressed in the bottom layers of at least half of the low-grade squamous intraepithelial
dysplasias but less than half of the high-grade squamous intraepithelial dysplasias, when using the narrow thresholds with additional ratio and intensity criteria
(A) or the wide thresholds (B). The counts in the middle columns indicate the number of high- or low-grade samples for which each probe was differentially
expressed. The HPA images of cervical tissue for each probe are briefly summarized in the last column. Not listed means the gene was not found in the HPA
database at all. No data means that the gene was listed, but the indicated data (image(s) of staining in normal or cancerous cervical squamous epithelium) was
missing. The highlighted probes are the ones for which IHC validation was attempted.
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An attempt was also made to find a negative marker for high-grade lesions (i.e., one that
is expressed in the upper layers of low-grade but not high-grade regions). Using the narrow
thresholds with the extra ratio and intensity criteria, 60 probes were identified showing
overexpression in the top layers of at least half of low-grades but not more than half of high-
grades. 9 probes were found using the wide thresholds. Table 5.4 presents a summary of this

analysis.
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Table 5.4A: Narrow thresholds
Top > Bottom

Top < Bottom

Human Protein Atlas

Agilent Normal/ Normal/
Gene Symbol Probe ID CIN2/3 CIN1 CIN2/3 CIN1 Description Normal Cancer
A_32_P11364 | A_32_P11
6 3646 1 4 0 0 | Unknown Not listed Not listed
A_32_P47
BC037919 538 0 3 0 0 | cDNA clone IMAGE:5278089 Not listed Not listed
A_23 P36
C8orf73 9634 0 3 0 0 | Clone pp7882 unknown mRNA No data No data
Chromosome 9 open reading
A_23 P39 frame 58 (C9orf58), transcript
C9orf58 2384 0 3 0 0 | variant 1 AIF1L: No data AIF1L: No data
A_24_ P80 Catenin (cadherin-associated Weak staining in epithelium, Stains some cancers,
CTNNA1 633 0 3 0 0 | protein), alpha 1 mainly in top half primarily adenocarcinomas
Staining top half, with
A_24 P40 ERO1-like (S. cerevisiae) antibody-dependent specificity
ERO1L 7311 0 3 0 0 | (ERO1L) and intensity Staining in many cancers
A _32_P34 Ferritin, heavy polypeptide 1 Staining confined to basal- Extensive staining in many
FTH1 2064 0 3 1 0 | (FTH1) most layer cancers
A_32_P82 Ferritin, heavy polypeptide 1 Staining confined to basal- Extensive staining in many
FTH1 0503 0 3 1 0 | (FTH1) most layer cancers
Glucosamine (UDP-N-acetyl)-2-
epimerase/N- Weak staining throughout, but
A_23_P21 acetylmannosamine kinase some cases show preferential | Weak or faint staining
GNE 6489 0 3 0 0 | (GNE) staining in upper third throughout
G protein-coupled receptor,
A_23_P10 family C, group 5, member D
GPRC5D 5691 0 3 0 0 | (GPRC5D) No data No data
A_23 P84
LIPH 219 0 3 0 0 | Lipase, member H (LIPH) No data No data
Nicotinate Strongest staining in basal Weak to no staining in many
A_23 P25 phosphoribosyltransferase layer, but one case cancers, but strong staining in
NAPRT1 8312 0 3 0 0 | domain containing 1 (NAPRT1) completely negative some
A_23 P87 ORM1-like 2 (S. cerevisiae)
ORMDL2 500 0 3 0 0 | (ORMDL2) No data No data
A_24 P12 Receptor-interacting serine-
RIPK4 5871 0 3 0 0 | threonine kinase 4 (RIPK4) Negative Mostly negative
A _32_P28 Weak diffuse staining in lower
TPM4 284 0 3 0 0 | Tropomyosin 4 (TPM4) 2/3 and stroma Weak diffuse staining
A_24 P33
ZNF12 7774 0 3 0 0 | Zinc finger protein 12 (ZNF12) No data No data
Weak staining throughout
A_23 P14 epithelium, mainly lower 2/3 Weak staining in many
CST6 6946 2 4 0 0 | Cystatin E/M (CST6) and stroma cancers
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Table 5.4A continued

Top > Bottom

Top < Bottom

Human Protein Atlas

Agilent Normal/ Normal/
Gene Symbol Probe ID CIN2/3 CIN1 CIN2/3 CIN1 Description Normal Cancer
A_23 P76
EMP1 488 2 4 0 0 | Epithelial membrane protein 1 No data No data
Staining through most of
epithelium, with one antibody
staining strongest in bottom
A_23 P10 third while another strongest Weak staining in many
ANXA9 3617 1 3 0 0 | Annexin A9 (ANXA9) in middle third cancers
A_23 P60 Hypothetical protein FLJ22671
C2orf54 990 1 3 0 0 | (FLJ22671) No data No data
Chromosome 9 open reading
A_23 P94 frame 58 (C9orf58), transcript
C9orf58 380 1 3 0 0 | variant 1 AIF1L: No data AIF1L: No data
1/3 antibodies stained
A_23_P37 diffusely, others negative with | Moderate-strong staining in
CD55 4862 1 3 0 0 | Decay-accelerating factor 4ab some stromal staining some cancers
Carcinoembryonic antigen-
related cell adhesion molecule 1 Negative with pan-CEACAM
A_23_P55 (biliary glycoprotein) Negative; One antibody is antibody, a few positive cases
CEACAM1 738 1 3 0 0 | (CEACAM1) pan-CEACAM with other antibody
Carcinoembryonic antigen-
A_24 P22 related cell adhesion molecule 7
CEACAM7 8302 1 3 0 0 | (CEACAMT) No data No data
Weak staining throughout
epithelium, mainly lower 2/3 in
A_23_P56 Dehydrogenase/reductase (SDR | one antibody and basal-most Weak staining in some
DHRS9 559 1 3 0 0 | family) member 9 (DHRS9) layer in the other cancers
Mostly negative for 2/4
A_23_P41 antibodies, weak to moderate
FAM129B 7404 1 3 0 0 | MEG3 (MEG3) Weak staining throughout staining for other antibodies
A_32_P11 Ferritin, heavy polypeptide 1 Staining confined to basal- Extensive staining in many
FTH1 1565 1 3 1 0 | (FTH1) most layer cancers
A_23 P25 Glycolipid transfer protein
GLTP 336 1 3 0 0 | (GLTP) No data No data
Hydroxyprostaglandin
A_23_P21 dehydrogenase 15-(NAD) Mostly negative with some
HPGD 3050 1 3 0 0 | (HPGD) No staining positive cells in a few cases
Top half preferentially stained, | Weak or no staining,
A 24 P39 Kallikrein-related peptidase 10 but one case shows staining especially with antibody that
KLK10 9490 1 3 0 0 | (KLK10) of basal-most layer stains normal basal layer
A_23_P10 Some staining in many
PRSS27 6806 1 3 0 0 | Protease, serine 27 (PRSS27) Staining mainly upper third cancers
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Table 5.4A continued

Top > Bottom

Top < Bottom

Human Protein Atlas

Agilent Normal/ Normal/
Gene Symbol Probe ID CIN2/3 CIN1 CIN2/3 CIN1 Description Normal Cancer
Basal half staining in normal
for 2/4 antibodies, no staining
throughout for 1/4 antibodies,
A_23_P39 RAB11 family interacting protein | no normal squamous data for
RAB11FIP1 1198 1 3 0 0 | 1 (class |) (RAB11FIP1) last antibody Staining throughout
A 24 P13 SH3-domain GRB2-like 1 Strong staining except for top | Staining throughout, but
SH3GL1 9094 1 3 0 0 | (SH3GL1) layer intensities not consistent
A_24 P69 Q6BEA3_RAT (Q6BEA3)
THC2682885 1826 1 3 0 0 | WDNM1 homolog, partial (33%) | Not listed Not listed
A_32 P12
THC2714090 1140 1 3 0 0 | Unknown Not listed Not listed
A 23 P14 Transmembrane protease,
TMPRSS11D 4417 1 3 0 0 | serine 11D (TMPRSS11D) No data No data
A_32_ P21 Weak diffuse staining in lower
TPM4 993 1 3 0 0 | Tropomyosin 4 (TPM4) 2/3 and stroma Weak diffuse staining
A_23_P66 Vacuolar protein sorting 25
VPS25 599 1 3 0 0 | homolog (S. cerevisiae) (VPS25) | No data No data
AA593970 nn01c05.s1
A_32 P30 NCI_CGAP_Co09 cDNA clone
AA593970 898 2 3 0 0 | IMAGE:1076456 3' Not listed Not listed
A_23 P94
ANXA1 501 2 3 0 0 | Annexin A1 (ANXA1) Staining across all layers Staining across all layers
AGENCOURT_10544326
A_24 P98 NIH_MGC_126 cDNA clone
BU943730 948 2 3 0 0 | IMAGE:6723988 5' Not listed Not listed
Carcinoembryonic antigen-
related cell adhesion molecule 1 Negative with pan-CEACAM
A_23 P43 (biliary glycoprotein) Negative; One antibody is antibody, a few positive cases
CEACAM1 4118 2 3 0 0 | (CEACAM1) pan-CEACAM with other antibody
Staining throughout, but 1/2 Staining in most cancers,
A_23_P20 antibodies doesn't stain basal- | especially with antibody that
IL1RN 9995 2 3 0 0 | Interleukin 1 receptor antagonist | most layer stains normal basal layer
A_24 P20 Inositol 1,4,5-trisphosphate 3-
ITPKC 2567 2 3 0 0 | kinase C (ITPKC) No data No data
A_23 P50 Kallikrein-related peptidase 12
KLK12 0010 2 3 0 0 | (KLK12) No data on normal squamous | Negative
A 23 P31 Keratin associated protein 8-1 Staining mainly lower 2/3 and
KRTAP8-1 2932 2 3 0 0 | (KRTAP8-1) stroma Staining throughout
A_24 P27 mRNA; cDNA DKFZp666L166
LOC146439 3647 2 3 0 0 | (from clone DKFZp666L166) Not listed Not listed
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Table 5.4A continued

Top > Bottom

Top < Bottom

Human Protein Atlas

Agilent Normal/ Normal/
Gene Symbol Probe ID CIN2/3 CIN1 CIN2/3 CIN1 Description Normal Cancer
A_23 P10
LOC147645 1246 2 3 0 0 | Clone IMAGE:4401841 Not listed Not listed
A_23 P37 NDRG family member 2 Weak or no staining
NDRG2 205 2 3 0 0 | (NDRG2) Staining throughout throughout
NAMPT: No data for normal
A_32_P79 Pre-B-cell colony enhancing squamous, but staining in
PBEF1 396 2 3 0 0 | factor 1 (PBEF1) glands NAMPT: Staining throughout
Basal half staining in normal
for 2/4 antibodies, no staining
throughout for 1/4 antibodies,
A 23 P31 RAB11 family interacting protein | no normal squamous data for
RAB11FIP1 873 2 3 0 0 | 1 (class ) (RAB11FIP1) last antibody Staining throughout
Serpin peptidase inhibitor, clade
A_23_P21 B (ovalbumin), member 1 Weak staining mainly in upper
SERPINB1 4330 2 3 0 0 | (SERPINB1) 2/3 Weak staining
Serpin peptidase inhibitor, clade Negative with weak staining in
A_23 P15 B (ovalbumin), member 2 parts, except a few more
SERPINB2 3185 2 3 0 0 | (SERPINB2) Negative strongly staining cases
No staining for one antibody,
Solute carrier family 16, member | staining throughout but Weak staining with one
A_23_P15 3 (monocarboxylic acid primarily lower 2/3 for the antibody, extensive strong
SLC16A3 8725 2 3 0 0 | transporter 4) (SLC16A3) other antibody staining with the other
A_23_P20 Hypothetical protein FLJ10847 Negative, but with positive
SLCA47A1 7221 2 3 0 0 | (FLJ10847) Negative stromal cells in some cases
Strong staining throughout
A_23_P34 Small proline-rich protein 1A epithelium, but a bit weaker in
SPRR1A 8208 2 3 0 0 | (SPRR1A) basal layer Extensive strong staining
A_23_P15 Small proline-rich protein 1B
SPRR1B 9406 2 3 0 0 | (cornifin) (SPRR1B) No data No data
A_23 P81 Transmembrane protease,
TMPRSS11B 190 2 3 0 0 | serine 11B (TMPRSS11B) Incomplete normal squamous | Staining in most cancers
A_23 P18 Transmembrane protease,
TMPRSS11E 751 2 3 0 0 | serine 11E (TMPRSS11E) No data No data
A_23_P14 Tetratricopeptide repeat protein
TTC9 508 2 3 0 0 | 9 (TPR repeat protein 9) No data No data
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Table 5.4B: Wide thresholds

Top > Bottom

Top < Bottom

Human Protein Atlas

Agilent Normal/ Normal/
Gene Symbol Probe ID CIN2/3 CIN1 CIN2/3 CIN1 Description Normal Cancer
A _23_P26 Chromosome 15 open reading
C150rf48 024 1 4 0 0 | frame 48 (C150rf48) NMES1: No data NMES1: No data
Some staining for 2/4
antibodies above bottom third,
Carcinoembryonic antigen- pan-CEACAM antibody is Staining in many cancers for
A_23 P15 related cell adhesion molecule 5 | negative, no data for last 3/4 antibodies, pan-CEACAM
CEACAMS 3301 0 3 0 0 | (CEACAMS) antibody antibody negative
Carcinoembryonic antigen-
A 23 P13 related cell adhesion molecule 7
CEACAM7 0573 1 3 0 0 | (CEACAMY) No data No data
A_23 P50 Kallikrein-related peptidase 12
KLK12 0010 1 3 0 0 | (KLK12) No data on normal squamous | Negative
Data only on 1/2 antibodies,
Carcinoembryonic antigen- showing only rare stromal cell
related cell adhesion molecule 6 | staining and no epithelial Weak staining in some
A_23 P42 (non-specific cross reacting staining, this antibody is pan- cancer; This antibody is pan-
CEACAM®6 1483 2 3 0 0 | antigen) (CEACAM®G) CEACAM CEACAM
A_23 P27
CNFN 473 2 3 0 0 | Cornifelin (CNFN) No data No data
A_23_P11 Strong staining localized to Mostly negative but with some
CRNN 5202 2 3 0 0 | Cornulin (CRNN) upper 2/3 pockets of positive staining
Staining in some of the
A_23 P58 S100 calcium binding protein P cancers, especially for 1/2 of
S100P 266 2 3 0 0 | (S100P) Negative the antibodies
Strong staining throughout
A_23_P74 Small proline-rich protein 1A epithelium, but a bit weaker in
SPRR1A 012 2 3 0 0 | (SPRR1A) basal layer Extensive strong staining

Table 5.4: Target list of negative markers for high-grade squamous intraepithelial dysplasia, showing probes that are overexpressed in the upper layers of a
majority of low-grade but not high-grade squamous intraepithelial dysplasia regions, using narrow thresholds with extra ratio and intensity criteria (A) or wide
thresholds (B). The counts in the middle columns indicate the number of high- or low-grade samples for which each probe was differentially expressed. The HPA
images of cervical tissue for each probe are briefly summarized in the last column. Not listed means the gene was not found in the HPA database at all. No data
means that the gene was listed, but the indicated data (image(s) of staining in normal or cancerous cervical squamous epithelium) was missing. The highlighted

probes are the ones for which IHC validation was attempted.
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T-test analysis of the top layer data generated many targets using the standard statistical
cutoff of P < 0.05. To make this list a more manageable size, probes for which there was
unusable data from any of the 9 samples were discarded. A zero or negative normalized signal
intensity, such as those removed from the data set in Section 4.2.6, would qualify as an unusable
data point. Additionally, as the goal is to find a novel and detectable biomarker, a minimum
intensity criterion can be applied. If the mean top layer signal is required to be at least 10 for the
high-grades, 27 probes show significantly higher expression in the top layers of high-grades
compared to the low-grades. The reverse analysis with a minimum mean low-grade signal of 150
finds 35 probes showing significantly higher expression in the top layers of low-grades versus

high-grade regions. These analyses are summarized in Table 5.5.
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Table 5.5A: High-grade > Low-grade

Agilent

High-

Low-

Human Protein Atlas

Gene Symbol Probe ID Grade Grade t-value P-value Description Normal Cancer
IFI6 A 23 P21 20.723 0.864 36223 | 0008484 Interf_eron, gamma-inducible Weak nuclear stain near Weak to moderate staining in
7866 protein 16 (IFI16) basal layer many cancers
A 23 P16 AGFG1: Very weak staining
HRB 0529 13.838 6.132 3.4511 | 0.010675 | HIV-1 Rev binding protein (HRB) throughout, with slight bias Weak to moderate staining
toward bottom half
Staining throughout
A_23_P37 Chemokine (C-X3-C motif) ligand epithelium, with slight bias -
CX3CL1 797 10.884 3.301 3.3559 | 0.012152 1(CX3CL1) toward bottom half in one Staining throughout
antibody
Speckled staining pattern in
soD2 A 23 P13 | 45585 8623 | 3.1810 | 0.015470 | Superoxide dismutase 2, bottom haif for 1/2 Extensive staining throughout
4176 mitochondrial antibodies, no squamous for
other antibody
A_32_P11 cDNA FLJ44672 fis, clone . .
LOC399744 230 28.542 21.201 3.1743 | 0.015613 BRACE3006553 Not listed Not listed
IDO1: 1/3 antibodies shows
faint staining throughout, with
strongest staining in basal -
) L2 Staining of some cancers
A_23_P11 Indoleamine-pyrrole 2,3 layer, 1/3 antibodies shows . S
INDO 2026 10.198 1.406 3.0114 | 0.019622 dioxygenase (INDO) no staining, 1/3 antibodies (spotty at times), negative in
. L . others
shows faint staining with
strongest staining at top edge
(probably edge effect)
. IFITM3: Weak staining in -
Interferon induced Some strong staining, but
ENSTOORIET | b 28 P28 26.721 16.874 2.9759 | 0.020633 | transmembrane protein 3 (1-8U) pasal-mqst L7y el S . some cases negative; Same
0031 4933 intermediate layer of normal; G
(IFITM3) S antibodies as IFITM2
Same antibodies as IFITM2
A 24 P16 dUTP pyrophosphatase (DUT),
DUT 0874 13.651 7.265 2.9503 | 0.021397 | nuclear gene encoding No data No data
mitochondrial protein
A 32 P12 .
NUP50 1303 14.527 9.258 2.9428 | 0.021628 | Nucleoporin 50kDa (NUP50) No data No data
A 24 P16 . L -
CLDN1 5949 21.827 6.129 2.9165 | 0.022451 | Claudin 1 (CLDN1) Staining in bottom half Staining throughout
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Table 5.5A continued

Agilent

High-

Low-

Human Protein Atlas

Gene Symbol Probe ID Grade Grade t-value P-value Description Normal Cancer
A 24 P11 Karyopherin alpha 4 (importin
KPNA4 791 15.823 7.782 2.9093 | 0.022683 alpha 3) (KPNA4) No data No data
Interferon induced - . . L
IFITM1 A 23 P72 | 35676 | 11.490 | 2.7910 | 0.026871 | transmembrane protein 1 (9-27) | Staining primarily basal-most | Extensive staining in many
737 layer cancers
(IFITM1)
A _23_P71 CDC28 protein kinase regulatory Nuclear staining primarily in -
CKS2 797 21.784 10.146 2.7548 | 0.028308 subunit 2 (CKS2) bottomn 2/3 Staining throughout
A_23 P14 Major histocompatibility complex,
HLA-F 5264 20.584 10.725 2.6910 | 0.031042 class I, F (HLA-F) No data No data
KIAA0430 2‘7—53}26 15.976 7.739 | 26906 | 0.031060 | KIAA0430 (KIAA0430) Staining throughout Staining throughout
Staining favours bottom half L
. o . . . ’ Weak staining in some
NCOA7 A24 P12 | 44737 4017 | 2.6830 | 0.031404 | Nuclear receptor coactivator 7 with intensity varying with cancers, correlating with
435 (NCOAT7) antibody, ranging from no o h
L . sensitivity of antibody
staining to extensive
1/2 antibodies staining Perinuclear antibody showing
A 24 P32 ) perinuclear in bottom third, strong staining throughout,
NUP62 o444 32.609 13.011 2.6736 | 0.031833 | Nucleoporin 62kDa (NUP62) other antibody more diffuse other antibody showing weak
in bottom half staining in some cancers
A_24 P70 . . o . .
THC2572108 7543~ 160.064 67.066 2.6680 | 0.032091 | C150rf21 protein, partial (75%) Not listed Not listed
A_23 P57 . L -
CLDN1 784 18.896 3.442 2.6252 | 0.034151 | Claudin 1 (CLDN1) Staining in bottom half Staining throughout
cDNA FLJ11338 fis, clone
A 23 P91 PLACE1010720, highly similar to Staining in bottom 2/3, Staining in about half of
SMC4 900 11.268 5.948 26111 1 0.034857 mRNA for chromosome- particularly for 1/2 antibodies | cancers
associated polypeptide-C
A_23_P21 Guanine monphosphate
GMPS 033 17.251 6.474 2.5330 | 0.039064 synthetase (GMPS) No data No data
THe2s83762 | A32- P71 | 40076 | 20682 | 25160 | 0.040042 | Brain CONA, clone: QoCE-17725, |\ jisteq Not listed
437 partial (28%)
SGK A 23 P19 156.864 54.381 25068 | 0040587 S_erum/glucocorticoid regulated SG_K_1: Mainly lower half Moderate staining
673 kinase (SGK) staining
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Table 5.5A continued

Agilent High- Low- I Human Protein Atlas
Gene Symbol Probe ID Grade Grade t-value P-value Description Normal Cancer
A_23 P20 Stathmin 1/oncoprotein 18 Stathmin 1: Confined to -
STMN1 0866 161.243 23.867 2.4859 | 0.041847 (STMN1) parabasal layer Strong staining throughout
A_24 P92 . . . .
AJ227863 5361 14.156 6.692 2.4804 | 0.042182 | partial mRNA; ID YG39-2B Not listed Not listed
A 24 P34 Prothymosin, alpha (gene . . . .
PTMA 632 262.714 118.788 2.4333 | 0.045203 sequence 28) (PTMA) Prothymosin alpha: No data Prothymosin alpha: No data
A 23 P25 ATP-binding cassette, sub-family
ABCC5 5oq " 17.826 6.575 2.3918 | 0.048041 | C (CFTR/MRP), member 5 No data No data
8221
(ABCC5)
Table 5.5B Low-grade > High-grade
Agilent High- Low- g § —n Human Protein Atlas
Gene Symbol Probe ID Grade Grade t-value P-value Description Normal Cancer
) A_24 P52 ) : . PDSS5A: Nuclear staining PDS5A: Nuclear staining
SCC-112 004 117.592 372.675 4.7679 | 0.002041 | SCC-112 protein across all layers across all layers
A_24 P17 cDNA FLJ35258 fis, clone . .
AK092577 0717 144.028 | 474.853 | -4.5739 | 0.002562 PROST2004146 Not listed Not listed
A_24 P92 BQ365891 CM0-GNO0111-230900- . .
BQ365891 6484 100.159 213.994 | -4.1657 | 0.004212 569-g06 GNO111 cDNA Not listed Not listed
[ P9 | 82 P23 | 178604 | 264.132 | -3.6265 | 0.008437 | Unknown Not listed Not listed
A_23_P11 Gastric inhibitory polypeptide
GIPR 9395 265.124 681.446 | -3.5482 | 0.009366 receptor (GIPR) No data No data
A_24 P62 } PREDICTED: hypothetical . .
LOC647580 5683 124.986 168.794 3.5437 | 0.009422 LOC647580 Not listed Not listed
[-2A-Peo3al | AZAPES | 407.731 | 220461 | 34338 | 0.010929 | Unknown Not listed Not listed
A_32_P52 . . .
BX537551 076 113.018 273.659 | -3.2326 | 0.014400 | mRNA; cDNA DKFZp686M0346 Not listed Not listed
A_23_P11 } ADP-ribosyltransferase 4 Weak staining, mainly middle -
ART4 6902 114.255 303.948 3.1547 | 0.016047 (Dombrock blood group) (ART4) third Some thorough staining
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Table 5.5B continued

Agilent High- Low- I Human Protein Atlas
Gene Symbol Probe ID Grade Grade t-value P-value Description Normal Cancer
A 23 P57 Syntrophin, alpha 1 (dystrophin-
SNTA1 5 79.411 177.014 -3.1069 | 0.017157 | associated protein A1, 59kDa, No data No data
227 o
acidic component) (SNTA1)
A_23 P48 ) Poly(A) binding protein,
PABPC3 307 163.066 363.750 3.0341 | 0.019004 cytoplasmic 3 (PABPC3) No data No data
A 23 P43 Moderate staining
CAST 4350 118.272 204.333 | -2.9981 | 0.019996 | Calpastatin (CAST) throughout, but mostly lower Extensive staining
2/3
A 23 P43 No data on normal
EFNB3 3588 131.196 344.515 -2.9440 | 0.021589 | Ephrin-B3 (EFNB3) squamous, although negative | Negative
in glands
A 23 P68 No data on normal
SSTR3 910 226.841 558.467 | -2.9430 | 0.021622 | Somatostatin receptor 3 (SSTR3) squamous, although positive | Weakly staining
in glands
A_32_P21 BX106126 Soares_testis_ NHT : .
BX106126 6041 71.546 | 412789 | -2.9425 | 0.021635 DNA clone IMAGP998M074160 Not listed Not listed
A_23 P69 } G protein-coupled receptor 78 No staining; Staining appears | No staining; Staining appears
GPR78 652 69.437 | 165520 | -2.9035 | 0.022871 | pp7g) to be on endothelial cells to be on endothelial cells
§2AF28988 | B2 P28 | 75415 | 150526 | -2.8634 | 0.024219 | Unknown Not listed Not listed
A_23 P82 -
NRN1 088 85.337 179.673 | -2.8515 | 0.024635 | Neuritin 1 (NRN1) No data No data
A_24 P10 . . .
BC028232 2456 88.184 324.486 | -2.8364 | 0.025173 | Clone IMAGE:5221276 Not listed Not listed
A 24 P31 AGENCOURT_10640955
LOC341412 5326 98.032 210.433 | -2.8174 | 0.025870 | NIH_MGC_126 cDNA clone Not listed Not listed
IMAGE:6723568 5'
Carcinoembryonic antigen-related ]%?t:ng%gﬂ; /ghiwiiﬁgd;ﬁfy
CEACAMS A_23 P42 | g9056 | 335.953 | -2.7729 | 0.027581 | ¢!l adhesion molecule 6 (non- rare stromal cell staining and | 2K Staining in some
1483 specific cross reacting antigen) ithelial stainina. thi cancer
(CEACAMS) no epithelial staining, this
antibody is pan-CEACAM
A_24 P11 PREDICTED: similar to ribosomal . .
LOC391701 8281 60.096 175.617 | -2.7442 | 0.028744 protein $23 (LOC391701) Not listed Not listed
A_23 P62 ATPase, Na+/K+ transporting, Staining confined to basal- . .
ATP1B1 930 119.372 180.163 -2.6962 | 0.030807 beta 1 polypeptide (ATP1B1) most layer Extensive staining
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Table 5.5B continued

Agilent

High-

Low-

Human Protein Atlas

Gene Symbol Probe ID Grade Grade t-value P-value Description Normal Cancer
p-2a-Prezer | AZAPTS | 9107 | 195464 | -2.6742 | 0.031806 | Unknown Not listed Not listed
MAL A 23 PIT | 144 118 | 1629.454 | -2.6228 | 0.034269 | Mal. T-cell differentiation protein | ) 4.1, No data
134 (MAL)
A_23 P37 } Late cornified envelope 2D
LCE2D 1284 111.327 177.699 2.5884 | 0.036028 (LCE2D) No data No data
RP6- A_32_P20 Cancer/testis CT47 family, . .
166C19.11 7104 101.736 189.957 | -2.5308 | 0.039188 member 11 (CT47.11) Not listed Not listed
Serpin peptidase inhibitor, clade B - A
SERPINB1 2‘532,3—'321 74.058 | 339.280 | -2.5140 | 0.040163 | (ovalbumin), member 1 \éVeaeI; Sanng mainly in Weak staining
(SERPINB1) pp
A_23_P62 } Family with sequence similarity
FAM127B 429 156.340 | 221.300 2.4989 | 0.041060 127, member B (FAM127B) No data No data
A_23_P76 s .
EMP1 488 159.840 651.025 -2.4953 | 0.041273 | Epithelial membrane protein 1 No data No data
A_23 P11 } Spermatogenesis associated 2-
SPATA2L 8086 100.203 161.677 2.4820 | 0.042088 like (SPATA2L) No data No data
PSCA 3‘7—53—'371 35741 | 310.112 | -2.4752 | 0.042508 | Prostate stem cell antigen (PSCA) | No data No data
SWI/SNF related, matrix
SMARCC2 A_24 P12 266.632 459.095 24703 | 0.042813 associated, actin dependent . Nuclear staining across all Nuclear staining across all
9813 regulator of chromatin, subfamily layers layers
¢, member 2 (SMARCC2)
A 32 P21 Q5PR09_MOUSE (Q5PR09)
THC2583971 7503~ 63.412 186.532 -2.4013 | 0.047377 | Ribosomal protein L32, partial Not listed Not listed
(87%)
E;\I4SST0000032 éggg_st 256.119 | 454.254 | -2.3949 | 0.047820 | mMRNA for FLJ00388 protein Not listed Not listed

Table 5.5: Target list from t-test analysis comparing only the top layers of high- and low-grade sqaumous intraepithelial dysplasias. (A) shows probes that are
overexpressed in high-grades and (B) shows those that are overexpressed in low-grades. Mean signal intensities are listed for high- and low-grade top layers.
Probes are listed in order of increasing P-value and only those for which all samples produced non-zero, non-negative data are included. The HPA images of
cervical tissue for each probe are briefly summarized in the last column. The highlighted probes are the ones for which IHC validation was attempted.
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A number of the targets listed in the above tables have been found in previous studies on

cervical cancer or CIN. To assist in sorting through the published data, the gene lists were queried

in the online Cervical Cancer Gene Database (http://crdd.osdd.net/raghava/ccdb/) (319),

supplemented with additional literature search on select targets. Some of these are listed in Table

5.6, divided into expression microarray studies and other studies.

Table 5.6A: Microarray studies

Change in Malignant Layer with
Malignant Sample | Grade Overexpression
Study with Reference Gene (Reference) (Reference) (Our Data) Agrees?
Wilting et al 2008 (283) | CLDN1 (SEMP1) Increased Cancer T-test HG Top Yes
APOL1 Increased Cancer HG Top Yes
Gius et al 2007 (289) EMP1 Decreased Cancer LG Top Yes
ILIRN Decreased Cancer LG Top Yes
EMP1 Decreased Cancer T-test LG Top Yes
Manavi et al 2007 (284) | VEGFA (VEGF) Increased SCC HG Top Yes
Wong et al 2006 (286) SPRR3 Decreased Cancer HG Top No
HBA2 Decreased Cancer HG Top No
VEGFA (VEGF) Increased Cancer HG Top Yes
KLK7 Decreased Cancer HG Top No
KRT4 Decreased Cancer HG Top No
CRCT1 (clorf42) Decreased Cancer HG Top No
RHCG Decreased Cancer HG Top No
EMP1 Decreased Cancer LG Top Yes
GLTP Decreased Cancer LG Top Yes
HPGD Decreased Cancer LG Top Yes
KLK10 Decreased Cancer LG Top Yes
TMPRSS11D (HAT) Decreased Cancer LG Top Yes
ILIRN Decreased Cancer LG Top Yes
KLK12 Decreased Cancer LG Top Yes
SPRR1A Decreased Cancer LG Top Yes
TMPRSS11E (DESC1) | Decreased Cancer LG Top Yes
CRNN (clorf10) Decreased Cancer LG Top Yes
IFI16 Increased Cancer T-test HG Top Yes
CKS2 Increased Cancer T-test HG Top Yes
EMP1 Decreased Cancer T-test LG Top Yes
Chen et al 2003 (293) CLDN1 Increased HGSIL/Cancer | T-test HG Top Yes
APOL1 Increased HGSIL/Cancer | HG Top Yes
Ahn et al 2004 (287) SEPP1 Increased Cancer LG Bottom Yes
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Table 5.6B: Other studies

Change in Malignant Layer with
Malignant Sample Grade Overexpression
Study with Reference Gene (Reference) (Reference) | (Our Data) Agrees?
Hammes et a/ 2008 (320) | VEGFA (VEGF) Increased HGSIL HG Top Yes
Shadeo et al 2008 (308) SPRR3 Decreased CIN I HG Top No
SPRR1A Decreased CIN 11 LG Top Yes
TMPRSS11B Decreased CIN 1l LG Top Yes
Shadeo et al 2007 (309) GJB2 Decreased CIN 11l HG Top No
FTH1 Increased CIN 1l LG Top No
KLK12 Increased CIN 11 LG Top No
SERPINB2 Increased CIN 1l LG Top No
Kneller et al 2007 (321) CEACAMS Increased CIN 11l LG Top No
GJB2 Decreased CIN Il HG Top No
Narayan et al 2007 (322) | COL16A1 Amplified (by CGH) Cancer LG Bottom Yes
Sova et al 2007 (323) c150rf48 (NMES1) | Hypermethylated Cancer LG Top Yes
Soufla et al 2005 (324) VEGFA (VEGF) Increased CIN HG Top Yes
Xu et al 1999 (325) SPRR1B (Cornifin) Decreased CIN LG Top Yes

Table 5.6: List of genes found in the present analysis that have previously been associated with cervical
cancer or CIN. Published studies have been divided into (A) gene expression microarray studies and (B)
other studies. Results from this study are compared with the direction of change of the malignant case
relative to normal reported in the published studies. Hits in each cited study are listed in the order in which
they appear in the gene lists of the present study. The second-last column references the gene list from this
study in which the target was found: HG Top for Table 5.2, LG Bottom for Table 5.3, LG Top for Table
5.4, T-test for Table 5.5. In the present study, only Table 5.4 and Table 5.5B listed markers expected to
show reduced expression in high-grade lesions or cancer. It is assumed that copy number gains result in
increased expression while hypermethylation leads to decreased expression. HG = High-grade, LG = Low-
grade, SCC = Squamous cell carcinoma, CGH = Comparative genomic hybridization.

5.3.2 Human Protein Atlas

Searches on HPA were performed for each of the probes listed in the previous section.

All the images of staining performed on normal and cancerous cervical tissue were examined

visually and a brief description of the staining observed is included in Table 5.2 through Table

5.5.

5.3.3

Immunohistochemistry

Despite the age of the biopsy specimens (most were collected 8-10 years ago), they were

found to be suitable for immunohistochemical analysis. All antibodies that worked on the fresher
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LEEP specimens also worked at a similar dilution on the older biopsies. Antibodies that failed on
the older biopsies were generally tested on at least one LEEP, which also failed. The summaries

below are presented in the order in which they appear in the target list tables of Section 5.3.1.

Gap junction protein, beta 2 (GJB2), also known as connexin 26 and overexpressed in the
top layers of high-grades (CIN II or CIN III) but not low-grades (normal or CIN I) (Table 5.2A),
was tested using 2 different antibodies, chosen based on references in the literature (CX-1ES)
(326) and HPA (UM214). However, staining patterns observed in HPA could not be reproduced.
Using CX-1ES at 1:50 dilution and UM214 at 1:10, staining was faint and primarily in the bottom
half of normal epithelium. Staining was not confined to the basal-most layer as seen in HPA, but
rather diffuse throughout the lower half. Few of the basal cells were actually stained. There was
little difference in staining between different antigen retrieval conditions. This target was not

pursued further.

Kallikrein-related peptidase 7 (KLK7), previously known as stratum corneum
chymotryptic enzyme and overexpressed in the top layers of high-grades but not low-grades
(Table 5.2A), was tested using two antibodies, including the one used by HPA (HPA018994).
The HPA antibody failed using all antigen retrieval methods on bone marrow and cervical cancer.
HPA images suggested that bone marrow should be a good positive control for KLK7. The other
antibody, ab40953 from Abcam, fared better. Staining was observed in bone marrow and cervical
cancer, regardless of antigen retrieval conditions. For the LEEPs, the antibody was diluted 1:35

and citrate antigen retrieval was used.

Kallikrein-related peptidase 7 is a serine protease normally found in the skin. KLK7
staining of LEEPs was generally stronger in the top layer. Staining was generally weak and
pervasive, with only a weak upward trend in staining of the top layer with increasing grade

(Figure 5.2) (P = 0.01 for the top layer, P = 0.70 for the bottom layer, by Kruskal-Wallis
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comparing low-grades versus high-grades). Among individual cases, some LEEPs showed
increased staining in higher grade regions (Figure 5.3A), but others showed little difference

between even CIN III and normal (Figure 5.3C).
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Figure 5.2: Summary of KLK?7 staining in LEEP specimens, separated into top (A) and bottom (B) halves
of the epithelium. Scoring was performed as described in the text and each data point shown represents the
average scores for all regions of the corresponding histopathological grade in one piece of tissue. A line
connecting the mean scores for each grade is overlaid on each plot.

148



Figure 5.3: Sample LEEP sections (cases 0018 (A, B) and 0030 (C, D)) stained with KLK7 IHC (A, C),
along with nearby reference H&E sections (B, D). High-grade squamous intraepithelial neoplasia regions
have been circled with green, while normal epithelium is uncircled. Scale bars in the top-left of each panel
are 500 pm in length for (A) and (B), 100 pm for (C), and 200 pm for (D).

Transmembrane protein 45B (TMEM45B), overexpressed in the top layers of high-
grades but not low-grades (Table 5.2A), was tested using only one antibody. There was very little
literature to go on for this target and HPA antibodies seem to have a poor success rate.
Unfortunately, the antibody we used from Novus fared no better, showing no staining in normal
or severe dysplasias at concentrations up to 1:15 dilution. None of the antigen retrieval methods

tested helped. Hence, we didn’t pursue this target any further.

Interferon induced transmembrane proteins 2 and 3 (IFITM2 and IFITM3),
overexpressed in the bottom layers of low-grades but not high-grades (Table 5.3A), were tested
with one antibody. 4C8-1B10 was raised against IFITM3, but HPA used only one antibody to
detect both these proteins, suggesting a high degree of similarity between these two related

proteins. No attempt was made to quantify the degree of cross-reactivity of this antibody towards
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IFITM2. This antibody was used at 1:250 dilution with citrate antigen retrieval on the LEEP

specimens. Much of the stroma was stained in all sections.

Interferon induced transmembrane protein 3 plays a role in the immune system’s defence
against a number of viral infections. [FITM3 staining showed an upward trend in both top and
bottom layers going from normal to CIN III (Figure 5.4). However, there was a lot of variability
between individual cases, so the trend is quite weak and, in the case of the bottom layer, not
significant (P = 0.003 and 0.13 for top and bottom layers, respectively). Within individual
LEEPs, some cases show primarily increasing basal layer staining with increasing
histopathological grade (Figure 5.5A) while others show the trend in the upper layer (Figure

5.5C).
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Figure 5.4: Summary of IFITM3 staining in LEEP specimens, separated into top (A) and bottom (B)
halves of the epithelium. Scoring was performed as described in the text and each data point shown
represents the average scores for all regions of the corresponding histopathological grade in one piece of
tissue. A line connecting the mean scores for each grade is overlaid on each plot.

151



Figure 5.5: Sample LEEP sections (cases 0018 (A, B) and 0047 (C, D)) stained with IFITM3 IHC (A, C),
along with adjacent reference H&E sections (B, D). High-grade squamous intraepithelial neoplasia regions
have been circled with green, CIN I with yellow, and normal epithelium is uncircled. Scale bars in the top-
left of each panel are 500 pm in length.

Collagen, type X VI, alpha 1 (COL16A1), overexpressed in the bottom layers of low-
grades but not high-grades (Table 5.3A), was tested with the HPA antibody. A LEEP sample
containing CIN III was negative even at 1:20 dilution. Very weak staining was observed in a
placenta tissue core, which should have been strongly stained according to HPA. Different
antigen retrieval conditions made no difference. Consequently, this target was not pursued any

further.

Cornulin (CRNN), a marker of epidermal differentiation, was the only negative marker of
CIN tested, with the microarrays showing overexpression in the upper layers of low-grades but
not high-grades (Table 5.4B). The antibody was used at 1:50 and antigen retrieval was found to

be optional, although citrate retrieval was used for all the LEEPs. As seen in HPA, normal
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epithelium showed strong staining concentrated in the upper half. Staining was generally weaker

in higher grade lesions, but this was not always the case.

Cornulin staining was assessed slightly differently from the others. As the staining
pattern in normal tissue typically includes intense staining of the top two-thirds with minimal to
no staining in the basal third, staining was assessed between the top two-thirds and bottom third
instead of top and bottom halves. The data shows a downward trend in staining of the upper layer
with increasing grade (P = 0.0001), primarily due to the consistency of the intense staining in
normal regions (Figure 5.6). The trend is less clear when considering just the dysplasias and there
is no discernible trend in the basal layer (P = 0.99). Even in CIN III, upper layer staining was
often observed, although it was usually quite weak. In individual sections, CIN regions are often

clearly distinguishable from normal regions (Figure 5.7).
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Figure 5.6: Summary of CRNN staining in LEEP specimens, separated into top two-thirds (A) and bottom
third (B) of the epithelium. Scoring was performed as described in the text and each data point shown
represents the average scores for all regions of the corresponding histopathological grade in one piece of
tissue. A line connecting the mean scores for each grade is overlaid on each plot.
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CINL

Figure 5.7: Sample LEEP sections (cases 0028 (A, B) and 0047 (C, D)) stained with CRNN IHC (A, C),
along with adjacent reference H&E sections (B, D). High-grade squamous intraepithelial neoplasia regions
have been circled with green, CIN I with yellow, and normal epithelium is uncircled. Scale bars in the top-
left of each panel are 500 pm in length.

Claudin 1 (CLDN1) was expressed more strongly in the top layers of high-grade regions
than low-grades (Table 5.5A), based on microarray data. Two different probes for CLDN1
appeared on this list. Used at 1:15 dilution with pH 9 antigen retrieval for 22.5 minutes, staining
was localized to cell membranes of the bottom half as seen in HPA. Staining was generally

stronger and spanned more of the epithelium in higher grade LEEPs.

Claudin 1, a tight junction protein, had the most promising LEEP results. Staining in the
upper layers displayed a strong upward trend with increasing dysplastic grade (P < 0.0001),
although the trend in basal layer staining was much weaker (P = 0.09) (Figure 5.8). Looking at
individual LEEPs, it was often easy to identify regions of high-grade dysplasia as they often

stained much more intensely than normal tissue, especially in the superficial layer (Figure 5.9).
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However, not every case fit the pattern exactly, including case 0018 in Figure 5.9A, where CIN II

appears only weakly stained, similar to the adjacent normal tissue.
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Figure 5.8: Summary of CLDNI staining in LEEP specimens, separated into top (A) and bottom (B)
halves of the epithelium. Scoring was performed as described in the text and each data point shown
represents the average scores for all regions of the corresponding histopathological grade in one piece of
tissue. A line connecting the mean scores for each grade is overlaid on each plot.
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Figure 5.9: Sample LEEP sections (cases 0018 (A, B) and 0030 (C, D)) stained with CLDN1 IHC (A, C),
along with adjacent reference H&E sections (B, D). High-grade squamous intraepithelial neoplasia regions
have been circled with green and normal epithelium is uncircled. The lengths of the scale bars in the top-
left of each panel are 500 pm for (A) and (B) and 200 um for (C) and (D).

Stathmin 1 (STMN1) was also found to be expressed more strongly in the top layers of
high-grade regions than low-grades from the microarray experiments (Table 5.5A). The first
antibody to be tried was the same one that HPA used (sc-48362). No staining was observed in
cervical epithelium with all antigen retrieval conditions, at concentrations up to 1:25. There was
diffuse staining in the bony part of a marrow core, but likely attributable to non-specific staining.
The vendor offered a replacement product, sc-20796, which fared no better. At 1:25 dilution and
high pH antigen retrieval, staining was finally coaxed out of this antibody, but it was faint and
diffuse throughout the normal epithelium, unlike the well-defined basal layer staining seen in
HPA. The third antibody tried, 33528, failed as well despite reported success in the literature
(327). As with the previous antibody, 1:25 dilution yielded very faint and diffuse staining

throughout the normal epithelium. Hence, this target was not pursued further.
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5.4 Discussion

Advances in molecular biology have directed much attention towards understanding the
biochemical mechanisms of disease, both to potentially improve treatment and to develop better
strategies for early detection and screening. Previous molecular studies on cervical cancer have
tended to focus on comparing invasive cancer with normal controls and have tended to treat the
full thickness of the epithelium as one homogeneous unit. The present study is the first to our
knowledge to use gene expression microarray analysis of molecular fixative preserved cervical
tissue samples to consider differences in expression between epithelial layers and how this profile

evolves with progression through the multistep carcinogenesis process.

Having established the technical validity of using microdissected molecular fixative
paraffin-embedded samples for gene expression microarray analysis, we turned our attention to
identifying and validating potential biomarkers in the collected data. Ideally, a positive biomarker
for high-grade dysplasia would be present only in CIN II or worse, with higher expression in
more severe lesions. The upper layer of epithelium is of particular interest because this layer is
preferentially sampled in cytology. The present analysis, which treats the upper and lower halves
of the epithelium separately, should be more sensitive to biomarkers which may be present in the

basal layer of normal epithelium, but present in the top or both layers in high-grade lesions.

Morphologically, the top and bottom layers appear more similar in high-grade lesions
than in low-grade ones. Disruptions in the cellular differentiation program of the epithelial cells
in high-grade lesions may lead to a basal-like phenotype even for cells that are higher up in the
epithelium. This is reflected in our observation that more probes are differentially expressed

between the layers in low-grade lesions than in high-grades in our data. Moreover, cells that are
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higher up in the epithelium are generally further along in their differentiation, turning on genes
specific to their specialized function. Consequently, we observed that most differentially
expressed probes are overexpressed in the top layer. Both these trends are evident in our
microarray data because we treat the top and bottom layers separately in this study. These trends

would be obscured in studies where the entire epithelium is treated as one unit.

To quantify the rate at which the microarray data validates, screens were performed to
find the probes for which differential expression between the layers was observed in the low-
grade regions. These were compared with the HPA images for normal cervical epithelium. 36
probes were found to be overexpressed in the majority of low-grade basal layer samples, based on
the narrow thresholds with high ratio and high intensity criteria, of which 12 matched the
microarray data. Subtracting out the 17 for which suitable images couldn’t be found on HPA, this
means 63% of the probes passed HPA validation. The opposite test, for probes overexpressed in
the top layer, found 130 probes, for which 55 were missing data and only 22 validated. This is a
success rate of only 29% and a missing data rate of 42%. Using the wide thresholds for top layer
overexpression produces a shorter list of only 14 probes, of which 6 were missing HPA images
and 4 validated, for a success rate of 50% and a missing data rate of 43%. Although HPA is a
quick way of narrowing down the list of potential targets for validation, the high rate of missing
data in HPA means that there is a chance that a legitimate hit was found in the microarray data

that would not be followed up in the present analysis.

The disparity in validation success between top layer overexpression and bottom layer
overexpression might be due to one of the assumptions inherent in the present analysis. All the
data used was normalized on the assumption that the majority of genes are expressed at similar
levels between the top and bottom layers. If basal layer cells inherently express all genes to a

higher level, some genes in the top layer may be expressed at a higher level than the bulk of
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genes in the top layer, but still be expressed at a lower absolute level than in the basal layer where
it may be expressed at or below the level of the majority of bottom layer genes. Cells in the upper
layers may be shutting off transcription as they prepare to be sloughed off as part of the body’s
natural renewal process. Looking back at the RNA purification data, more bottom layer RNA was
collected in all cases except 0044 and 0053A. In case 0033 A, similar amounts of RNA were
collected between the layers. Normalizing on the assumption of similar expression levels between
layers might highlight markers of interest in understanding the underlying biology of the
neoplastic process. However, this assumption might not be as valid or useful in the context of
biomarker discovery. A future analysis of this data might consider adjusting the normalization to
account for the difference in overall expression levels between the layers. However, no attempt
was made to standardize the volume of tissue microdissected from each layer, so it’s unclear if

the proper ratio can be determined for the present data set.

A number of targets on the shortlists of this analysis have also been found in microarray
or similar analyses reported in the literature, but the majority of the candidate targets have not
previously been found in a genome- or expressome-wide analysis. Among the targets that were
found in previous studies, our results match the direction of expression change in the literature for
most of them, giving us some measure of confidence in our data. The only exceptions come from
the study by Wong et al (286) or from the serial analysis of gene expression (SAGE) studies by
Shadeo et al and Kneller ef a/ (308, 309, 321). These studies also happened to find the most
targets in common with our study. While we focussed on CIN, Wong et al compared invasive
cancers against normals (286). In addition, the SAGE and Wong ef a/ studies did not separate the
epithelium from the stroma. The SAGE studies used whole biopsies, likely including significant
amounts of stroma, while Wong et al reported at least 80% malignant cells in their samples (286)
without a means of standardizing this any further, meaning that some might have 80% while

others might have closer to 100% malignant cells. Among the targets for which there was
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disagreement between the present study and the published studies, only KLLK 12 did not show any
staining in any combination of normal or cancerous epithelium or stroma, according to HPA.
Hence, the discrepancies may be reflections of the different amounts of stroma in the normal and
malignant samples used in the previous studies. Additionally, the observation by Wong et al of
decreased expression of KLLK7 in cancer cases (286) contrasts sharply with previous reports by
Termini et al (328) and Santin et al (329), who studied KLK7 using IHC and, in the case of
Santin et al, reverse transcription polymerase chain reaction (RT-PCR). Meanwhile, GJB2 is
expressed in only the basal layer in normal and more pervasively in cancer, according to HPA,
which is in closer agreement with the present study than the SAGE studies, where they were
downregulated in CIN III compared to normal (309, 321). Hence, some of the observed

discrepancies may be a result of false discoveries in those studies.

Looking at only the genes that passed HPA validation, a few were selected from across
the various shortlists for further validation by IHC on LEEP specimens. A disappointingly low
number of the antibodies ordered worked as advertised. Fewer than half of the antibodies, and
none of the ones listed as being used to generate HPA images, worked despite trying different
dilutions and antigen retrieval methods. In most cases, a general lack of staining was observed. In
others, especially at higher antibody concentrations, staining was observed in a pattern
inconsistent with HPA or the antibody information sheet, likely due to non-specific staining. This
raises a more general question of the validity of using IHC as a validation method for expression
studies. One could consider limiting IHC testing to those for which well-validated antibodies are
available. However, these are typically the ones that have already drawn the most interest due to
previously discovered disease links while truly novel potential biomarkers would be under-tested.
Even for the four antibodies that produced staining consistent with HPA, more testing will be
needed to draw any firm conclusions on the validity of any of these genes as biomarkers for high-

grade dysplasia.
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Among the targets tested with IHC, the most promising one appears to be claudin 1. It
was found to be upregulated in high-grade top layers relative to low-grade regions (Table 5.5A).
It is a component of tight junctions and previously found to correlate with grade in cervical
dysplasia (330, 331). The claudin family of proteins have been investigated in many cancers
(reviewed in (332) and (333)). Claudin 1 has been found to be downregulated in breast cancer
(334) but upregulated in colon cancer (335, 336). In cervical cancer, previous microarrays studies
demonstrated that overexpression of claudin 1 was particularly associated with squamous cell
carcinoma, while association with adenocarcinoma was ambiguous (283, 293). The exact
biological functions and the role of claudin 1 in carcinogenesis are still poorly understood (335),
but involvement in the beta catenin pathway in the colon has been suggested (337). Our results
show claudin 1 staining in the basal layer cells of normal cervical epithelium, but staining in
upper layer cells is absent in all normal samples. The marked difference in expression of CLDN1
in the upper layer of cervical epithelium between high- and low-grade dysplasias make it a
potential candidate as a cytological biomarker. The validation set in the current analysis,
however, is quite small so further study will be required to draw more general conclusions about

the applicability of claudin 1 as a biomarker.

The other two positive markers for high-grade dysplasia showed weaker but still positive
trends in staining with increasing grade. [FITM3 was found to be overexpressed in the basal
layers of a majority of low-grade samples but not in a majority of the high-grades (Table 5.3A),
making it potentially a marker for a basal-like phenotype. Additionally, /FITM3 was found to be
upregulated in the upper layers of high-grade versus low-grade dysplasias (Table 5.5A, as
ENST00000270031), one of very few probes to be found in more than one screen. Interferon
induced transmembrane protein 3 is involved in the body’s response to viral infection. Although
not well-studied in the context of cancer, altered expression of IFITM3 has been found to play a

role in colorectal carcinogenesis (338). Other members of the IFITM family have also been
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studied in colorectal and gastric cancers (339-341). IHC staining of IFITM3 generally trended
upward in both top and bottom layers with increasing CIN grade, but staining was sometimes
inconsistent. The underlying stroma was also quite strongly and consistently stained regardless of
the state of the overlying epithelium. Staining patterns in the epithelium often consisted of
isolated positive cells infiltrating as if from the stroma. Perhaps IFITM3 could be a marker of
inflammation associated with dysplasia, such as HPV associated changes. More investigation will

be needed to clarify the exact role that IFITM3 might play in cervical carcinogenesis.

Of the positive markers tested with IHC, the one correlating the least with dysplastic
grade was kallikrein-related peptidase 7, which was originally found to be overexpressed in the
top layers of a majority of high-grade lesions and not a majority of low-grades (Table 5.2A). It is
a serine protease that cleaves intercellular cohesive structures in a process required for
desquamation (shedding of the outer layer of epidermis) in the skin. KLK7 has been reported to
be overexpressed in CIN (328) and cervical cancer (329), although another microarray study
found underexpression in cervical cancer (286). Among the LEEP specimens of the present study,
however, there was little trend in staining in the bottom layer and only a weak positive correlation
with grade in the upper layer. This might be due to the relatively small size of the present
validation set, or this could be a case of protein levels not correlating with RNA levels.
Additional tests, such as quantitative RT-PCR, might shed some light on whether this is an
instance of the latter. The lack of a trend in our staining results might also reflect differences
between the antibodies used. Most previous studies of kallikrein-related peptidase 7 used
antibodies made in-house or from other researchers. The commercial antibody used on the LEEP
specimens (from Abcam) had no references listed on its information sheet. Even on HPA, the two
antibodies used there showed markedly different staining patterns in cervical tissue, with one of
them not really staining malignant tissues at all. As suggested above, it is unclear to what extent

little-used antibodies can be trusted without further validation. This is an important consideration
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and one that will become even more relevant with the currently expanding use of high-throughput

technologies to identify candidates that will undoubtedly require validation.

Among the candidate negative markers for cervical dysplasia, only one, cornulin, was
tested with [HC. It was found to be overexpressed in the top layers of a majority of low-grade
regions and not a majority of the high-grade lesions (Table 5.4B). Cornulin is a late marker of
epidermal differentiation and loss of IHC staining has been observed in other cancers such as
head and neck squamous cell carcinoma (342). In the cervix, a previous microarray study found
lower expression of CRNN in cancers than normals (286), while IHC staining of cornulin has
been reported to be strongest in normal tissues, weakening in high-grade dysplasias, and weakest
in invasive cancers (343). The LEEP data shows this trend well in the top layer, although there is
no clear trend in the bottom layer. Upper layer staining is strong in nearly all normal regions, but
even in CIN IIL, there is some variability in the presence and intensity of staining. Furthermore,
loss of staining in the upper layers of high-grade dysplasias is rarely absolute, further reducing its

appeal as a potential negative biomarker for high-grade dysplasia.

The link between HPV and cervical cancer has been well established. Although it was not
picked up on any of our screens, pl6™<** has been used as a proxy for HPV activity (344) and
generally correlates with CIN grade (262, 345, 346). In the microarray data, there were 2 probes
for cyclin-dependent kinase inhibitor 2A (CDKN2A), the gene that encodes for p16. Both probes
showed higher top layer expression in high-grades than low-grades, but both showed less than 2-
fold change and P-values were not statistically significant (P = 0.32 and P = 0.18). Comparing top
and bottom layers, only one probe (the one with the smaller P-value in the top layer t-test)
showed differential expression and only in one case. Based on that probe, CDKN24 was
overexpressed in the bottom layer of case 0044B (CIN I) using narrow thresholds. Where

positive, literature reports on p16 show staining throughout the full thickness of the epithelium
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(347), with a bias toward slightly stronger bottom layer staining. Our data generally agree with

these trends, but the differences between layers and disease states were too small to be picked up
in the target screens. The difference in staining between the layers may have been too small to be
detected by even the narrow thresholds on the M-A plots. On the other hand, the t-tests may have

simply needed a larger sample size to reach statistical significance.

The target lists generated in this analysis appear to be dominated by extracellular matrix
components. Proliferation genes, which would be expected to play a crucial role in cancer, do not
seem to factor prominently in any of the lists. This might be a result of our interest in biomarkers,
as our screens favour genes that are highly expressed. Many biochemical signalling cascades
amplify the signal from a small number of molecules to many copies of the downstream effector
molecules. By focussing on abundantly expressed genes and their protein products, we may have
been biasing our gene lists toward these downstream targets. This might give us acceptable
biomarkers for early cancer detection, but it would be more difficult to use this approach to gain

deeper insights into the molecular mechanisms of the carcinogenic process.

A way around this apparent bias towards extracellular matrix genes might be to relax the
selection criteria. The important driver genes might not be greatly differentially expressed. More
relaxed selection criteria would result in longer target lists, though, so more follow-up work
would be necessary to validate the new targets. Additional strategies will need to be employed to
reduce the lists to a more manageable size. Bioinformatics and pathway analysis tools might offer
a potential solution to achieve this. Another side-effect of more permissive filtering criteria is the
possibility of more false positives. The susceptibility of the t-test lists to false discoveries is a
function of the P-value cutoff. Certainly, then, we expect a few of the hits in the t-test gene lists
will be false positives. There is a wide variety of criteria for identifying differentially expressed

genes in microarrays studies reported in the literature and, despite their simplicity, t-tests and
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fold-change remain popular. A common method of estimating false discovery rates from such
analyses is permutation analysis, in which the data for each gene is permuted between all patients
in both malignant and normal groups to get an estimate of the null distribution. The significance
analysis of microarrays algorithm, for example, uses a modified t-statistic and permutation
analysis to calculate an estimated false discovery rate for each gene, which is then used as the
threshold for differential expression (348). These methods, however, are all dependent on proper
normalization of the data. Any normalization strategy makes fundamental assumptions about the
behaviour of the data. A number of housekeeping genes known to be expressed at similar levels
among all cells can be used to normalize the data. Alternatively, one can assume, as was done in
the present analysis, that all samples should contain similar levels of RNA and that the majority
of genes should be expressed at similar levels between samples. This is effectively using the bulk
of the non-differentially expressed genes as housekeeping genes, an arguably more robust method
that protects against the possibility that one of a few pre-selected housekeeping genes might not
be as consistently expressed as previously believed. We have already seen, though, that even the
assumption that the majority of genes are expressed at similar levels between samples might not
be valid when comparing between layers. Meanwhile, Kendrick et al have reported higher overall
RNA levels in CIN compared to normal (290). Future biomarker discovery analyses should

consider the RNA content in the study samples.

An alternative strategy for identifying differentially expressed genes is to make per-case
comparisons between the top and bottom layers, minimizing the potential impact of biological
variation highlighted by our cluster analysis (Figure 4.7). Our calculations in Section 4.4 suggest
that by requiring differential expression in at least three samples, we should not expect any false
positives in the gene lists built from counting the numbers of samples showing differential
expression. However, this assumes that the technical scatter observed in the duplicate sample

experiments in Chapter 4 are representative of the technical component of the scatter observed in
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the top versus bottom data studied here. Those estimates were made on the basis of only two sets
of data, so it is quite possible that some of the top versus bottom data here displayed a wider
degree of technical scatter than anticipated, resulting in a higher than expected false discovery
rate. More testing on duplicate samples will be needed to get a clearer picture of the level of
technical scatter that can be expected. Nevertheless, the expected false discovery rates are much
lower than that implied by the HPA validation rate. As discussed above, only 29-63% of probes
with suitable HPA data had expression data that matched. There are many possible reasons for
this, including the possibility that for some genes, RNA expression doesn’t necessarily correlate
with protein expression. Moreover, for some genes, HPA data show different antibodies with
different staining patterns. Even in our own experience, antibodies do not always work as
advertised. Hence, when only one set of data is shown on HPA, it is unclear to what extent this
data would be corroborated with other assays. For VEGFA, for example, HPA showed a single
image of normal cervical epithelium stained throughout. However, other researchers have found
that VEGF staining is weak and localized to the bottom half in normal cervix (320). Further
experiments would be needed to explore these questions, such as using RT-PCR to distinguish

between false discovery, RNA not translating into protein, and problems with IHC.

As alluded to previously, although this study has tested a few candidate biomarkers and
one of them has even proven quite promising, this study is limited by a small sample size, both in
the discovery and validation of potential markers. Consequently, much more testing will be
needed to further validate the biological relevance of the results generated. Pathway analysis
using tools such as IPA (Ingenuity Systems, www.ingenuity.com, Redwood City, CA, USA)
might also be useful for confirming biological relevance. Nonetheless, this analysis is an
important proof-of-principle that demonstrates the feasibility of microarray analysis on sub-
epithelial layer microdissected MFPE cervical specimens. Even within the present data set, other

promising markers that passed HPA validation have yet to be followed up with IHC. Much
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remains to be learned from the stroma data which has been collected but not analyzed. While
cancer research has typically focussed on the malignant epithelial cells, there has recently been
increasing interest in studying the role of the underlying stroma in both the development and
progression of cancer (349). This has led in turn to studies on stromal biomarkers of many types
of cancer, including cervical cancer (289, 349-352). Future analyses might also try to account for
differences in total RNA between the layers. The target screens applied in this analysis were quite
rudimentary and only intended to demonstrate proof-of-concept. Hence, a future expanded data
set with more microdissected samples could be analyzed with more rigorous bioinformatics
approaches. As with our various target screens, different analysis approaches make different
assumptions both about the data and about what we are looking for. We set out to look for novel
biomarkers and consequently, our present analysis is biased toward looking for highly expressed
genes. As such, it is possible that we missed some genes that are more weakly expressed but still
important biochemically. Future work could include analyzing our data from the perspective of
trying to understand the underlying biology. This might present an alternative route to uncovering
biomarkers. Meanwhile, the most promising biomarkers arising from this analysis can be tested
for their ability to discriminate high- and low-grade dysplasias. Even though a marker appears to
correlate with histopathological grade based in IHC scoring, high degrees of variability among
individual cases may cause such markers to be less attractive when their discriminating power is

assessed. A larger validation set would assist in making such an analysis more statistically robust.

The use of MFPE specimens means that histopathological grading can be used to directly
guide microdissection or compare with IHC. Without the use of molecular fixative, adjacent
tissue pieces would have had to be fixed and processed differently under the assumption that the
abnormal lesion was distributed across both pieces. Even within one tissue biopsy for
microdissection, significant changes in tissue morphology were often witnessed going through

the block. Slides from the last microdissected slide were sometimes hardly recognizable
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compared to the first, which was sectioned about 800 pm apart in the block. Hence, it was

important to have H&E reference slides along the way graded by the study pathologist.

This study also demonstrates the feasibility of studying the cervical epithelium not as one
unit but rather as a series of cell layers that might have distinct biological differences. To our
knowledge, this study is the first microarray analysis of microdissected cervical intraepithelial
neoplasia to compare expression profiles between epithelial layers. By studying the top and
bottom layer separately, trends in expression between the layers that might otherwise be obscured
become apparent. High-grade lesions exhibit fewer differentially expressed genes than low-
grades, while more differentially expressed genes are overexpressed in the top layer than the
bottom (Figure 5.1). These trends are consistent with a model of cervical epithelium consisting of
a continuum of cell layers where those at the top are further along the differentiation program that
is disrupted during the carcinogenic process. Although the original plan was to microdissect the
epithelium into three layers, technical difficulties dictated that only two layers would be feasible.
The laser microdissection system could not cut the tissue within a reasonable length of time.
However, improvements in technology might one day make it possible to microdissect more
layers. Alternatively, future expression analyses may require less starting material, mitigating the
impact of the slowness of the laser microdissection system. We believe the epithelium should be
viewed as a continuum of layers, so separating the epithelium into a small number of distinct
layers is by its nature a somewhat arbitrary exercise. It is one, though, that simplifies the system
enough to make it comprehensible yet maintains enough of the original complexity to allow a
more complete picture of the biochemical underpinnings of cervical epithelial differentiation and
maturation to be put together, while allowing us to study how this process may be disrupted by

the carcinogenic process.
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The quest for novel biomarkers for high-grade cervical dysplasia has led us to gene
expression array analysis of microdissected MFPE samples. While both the discovery and
validation sample sizes were small in this pilot study, the data demonstrate that this approach is
feasible and has already produced some promising biomarker candidates. Staining of claudin 1 in
the upper layer of the epithelium, for example, appears to correlate with CIN grade. However,
more studies will be needed to confirm these preliminary findings and to validate the potential
use of claudin 1 as a cytological biomarker. Meanwhile, the use of MFPE samples enables the
direct use of H&E slides to accurately guide microdissection and IHC interpretation, while the
analysis of stratified squamous epithelium as distinct layers as opposed to a homogeneous unit
unveils a new avenue for understanding the basic biology of cervical epithelium and

carcinogenesis.
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6 Conclusion

Much work has gone into developing novel biomarkers for the screening and early
detection of cancer. Image cytometric measurement of DNA ploidy is one such technique that has
shown great potential in many cancers (56) and has even been used for large-scale screening of
cervical cancer in China. However, there is still much room for improvement and this thesis
sought to build upon the successes of cytometric ploidy analysis by layering on additional

biological information.

6.1 Recapitulation of aims

In lung cancer, previous studies on conventional sputum cytology have yielded varying
results (237), with many of them focussing on trying to distinguish between invasive cancer and
normal cases. By combining ploidy measurements with malignancy associated changes (MAC)
features, a novel biomarker, the Combined Score (CS), was created. CS correlated with a number
of known lung cancer risk factors, including histopathological grade, age, smoking status,
quantitative morphometry, and p53 and Ki-67 staining. As a biomarker to identify the patients at
highest risk to progress to invasive disease, CS performed comparably with another similar
biomarker, LungSign (191), despite the fact that LungSign sought to distinguish between
cancerous and non-cancerous samples, while CS was able to separate high-grade dysplasias from
normals. By employing MAC features, CS could use subtle changes present in the far more
numerous non-malignant cells to indicate the presence of disease, rather than trying to detect the

rare malignant cells that other cytological tests rely on.

In cervical cancer, ploidy has previously been shown to be an effective cancer screening

tool (151, 152) and its adoption into clinical practice in China continues to demonstrate this. We
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attempted to use double staining with anti-Ki-67 immunocytochemistry and Feulgen-thionin to
improve upon ploidy analysis but found little improvement. Double staining was technically
successful, but perhaps Ki-67 was a poor choice of ICC marker. Motivated by this and the overall
pursuit of novel biomarkers for early detection and screening of cervical cancer, we turned our
attention to a gene expression microarray analysis of cervical dysplasia. By isolating different
layers of the epithelium and comparing them against one another and across different
histopathological grades, an improved understanding of cervical carcinogenesis could be sought
and, with it, novel candidate biomarkers that might be practical when applied to cytology. A
number of promising targets were identified, but as this was only intended to be a proof-of-
principle, the present analysis used a small discovery and validation data set and further
validation will be necessary. Nevertheless, it is clear that the approach holds promise for future

biomarker discovery.

6.2 Impact and final remarks

We initially set out to improve upon ploidy-based image cytometry as a screening tool
for preinvasive neoplastic lesions. Combining MAC features with ploidy in lung sputum
generates a promising novel biomarker for risk assessment. However, combining anti-Ki-67
immunocytochemistry with ploidy in cervical cancer did not result in a clear improvement and it
remains unclear to what extent ploidy would benefit from double staining with ICC using another
marker, in particular one that would generate new information not associated with changes in cell
cycling. The investigations into cervical biomarkers, however, resulted in a number of technical
advances that might be useful for future work in this field. Double staining with Feulgen-thionin
and immunocytochemistry was shown to be feasible even in cases where antigen retrieval is

required. A protocol for optimizing the double staining was developed and potential pitfalls of the
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process were studied. If the right immunocytochemical marker is used, double staining might not
only improve the screening performance of ploidy, but also answer important questions about the
role of ploidy in carcinogenesis. Although it is evident that aneuploidy manifests in many
neoplastic lesions and can be a prognostic indicator, it is not clear what the biochemical
mechanisms underpinning these correlations are. Is aneuploidy a driver of carcinogenesis or just a
symptom of an increasingly dysregulated genome? Is it a little of both? Double staining might be

one tool to help shed some light on this question.

Another technical advance in this thesis is the use of molecular fixative preserved
paraffin-embedded cervical specimens. Previous studies have tested Sakura Finetek’s Tissue-
Tek® Xpress® Molecular Fixative on a variety of human tissues (353, 354), but not cervical
tissue. Additionally, instead of using entire sections, only microdissected samples were used for
microarray analysis in the present work. The use of MFPE specimens could potentially
revolutionize how clinical samples are handled due to the immense opportunity afforded by the
ability to perform molecular studies on the same sample as that used for clinical diagnosis. The
current practice of using adjacent blocks is very approximate at best. At worst, we have already
observed cases where the lesions present at one end of the tissue block are not present at the other
end, making it entirely possible that an adjacent block contains none of the lesions present in an
examined diagnostic block. More work, however, will still be needed to confirm the validity of
using MFPE sections for clinical work. Even then, pathologists trained to interpret formalin-fixed

sections, including all their inherent artifacts, might still be reluctant to adjust to a new fixative.

In addition to the technical advances presented here, the investigations in this thesis
underscore a couple key approaches to cancer biomarker discovery that are often overlooked.
First, by studying MACs in sputum, we made use of non-malignant cells that are present in far

greater abundance than malignant cells. A similar approach could be taken with gene expression
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microarrays. In fact, stroma data was collected but has yet to be analyzed. Just as non-malignant
cells in the sputum displayed MAC features that betrayed the presence of malignant cells
elsewhere in the lung, stroma underlying malignant lesions in the cervix might exhibit

characteristic alterations in gene expression.

A second commonly overlooked approach to biomarker discovery is the heterogeneity
present within stratified squamous epithelium, like that found in the cervix. Many studies
continue to treat the entire thickness of the epithelium as a homogeneous unit, especially in gene
expression studies like the one conducted here. However, even morphologically from an H&E
stained slide, it is clear that cells near the basement membrane do not behave like cells near the
surface. With microdissection and increasingly sensitive assays, it is becoming feasible to study
stratified epithelium in all its complexity and this thesis demonstrates a bit of what can be

uncovered through such an analysis.

Although the various assays were used in specific combinations in this thesis, it may be
possible that many of them could be recombined. For example, a combined thionin and
immunocytochemistry double staining approach might improve ploidy analysis in lung cancer,
assuming an appropriate immunocytochemical marker was found. MAC and ICC could even be
simultaneously layered upon ploidy analysis. This would provide the most biological information,
but it is unresolved as to whether antigen retrieval would have a detrimental impact on the ability
to measure MAC features. Assuming antigen retrieval does not adversely affect the measurement
of MACs, double staining might also be useful in trying to understand the biochemical
mechanisms underlying MAC features. In turn, this might point to other novel candidate

biomarkers for cancer.

Ploidy-based image cytometry continues to serve us well as a tool for early detection and

screening of cancer. Advances in molecular biology and our understanding of the biochemical
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mechanisms of carcinogenesis have motivated the pursuit of novel biomarkers. By attempting to
layer additional biological information on top of a ploidy analysis, this thesis has demonstrated
that the Combined Score, based on ploidy and MAC features, can be used for risk assessment of
lung cancer. Meanwhile, this thesis has introduced a number of technical advancements,
including combined Feulgen-thionin and immunocytochemistry double staining with antigen
retrieval, gene expression analysis of molecular fixative preserved paraffin-embedded cervical
specimens, as well as microdissection of cervical layers so that they may be treated and
understood separately in expression analyses. These advances should unlock new avenues of
research into the underlying molecular mechanisms of disease and new biomarkers that will alert
us when these processes are occurring. It is hoped that future research will continue to bear fruit,
with improved combination ploidy tests translating into improved outcomes and care for

generations of cancer patients to come.
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Appendix: Microdissection of Molecular Fixative

Samples

This appendix consists of a series of composite figures documenting the microdissection
of each of the molecular fixative samples used in Chapters 4 and 5. Each figure is composed of
five panels: A reference H&E section (A) is shown to the left beside photographs of an adjacent
section before microdissection (B), after removing the top layer (C), after removing the bottom
layer (D), and after removing the stroma (E). Microdissection was always performed in this

order.

P ' %

After removing bottom After removing stroma

Appendix Figure 1: Case 0027. A region of CIN I is circled in yellow.
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After removing bottom After removing stroma

Appendix Figure 2: Case 0028. A region of CIN III is circled in green.

After removing top

After removing bottom After removing stroma

Appendix Figure 3: Case 0030. A region of CIN I is circled in yellow.
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After removing bottom After removing stroma

Appendix Figure 4: Case 0033A. High-grade regions are circled in green. The two horizontal regions
across the middle are CIN III. The regions along the bottom are CIN II.

After removing bottom After removing stroma

Appendix Figure 5: Case 0033B. Regions of CIN II are circled in green.
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After removing bottom  After removing stroma

Appendix Figure 6: Case 0043. Epithelium of normal histopathology was microdissected from this case.

After removing top

After removing bottom After removing stroma

Appendix Figure 7: Case 0044. Regions of CIN I are circled in yellow.
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After removing top

After removing bottom After removing stroma

Appendix Figure 8: Case 0053. Regions of high-grade dysplasia are circled in green. The first few
sections microdissected contained more CIN II and were collected as 0053 A. The latter sections contained
more CIN III (small leftmost region) and were collected as 0053B.
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